Chapter 1

Mathematical Model Transformations

1.1 Intr oduction

For mostcomputercontrolledsystemsespeciallydependableeal-timesystemdor critical appli-
cations,aneffective designprocessequiresanearly conceptuabndarchitecturavalidationprior
to theimplementatiorin orderto avoid costlyre—desigreycles. In orderto have aguaranteedie-
signquality, all relevant systemcharacteristichave to be checled during this systemverification
phase.Theseparametergdentify critical bottleneckgo which the systemis highly sensitve.

The increasingneedfor effective designhasnecessitatedhe developmentof standardized
andwell-specifieddesignmethodsand languageswhich allow systemdevelopersto work on a
commonplatformof designtools. The UnifiedModelingLanguae (UML) is avisualspecification
languagdor puresoftwaresystemsaswell asfor embeddedeal-timesystemgsystemseactvely
interactingwith theirervironment). TheUML representa collectionof bestengineeringractises
that have proven successfuin the modellingof large andcomplex systems.Recently UML has
beenregardedasthe standardbject—orienteanodellinglanguage.

1.1.1 Formal Methodsin SystemDesign

Formal methodsiremathematics-basddchnique®ffering arigorousandeffective wayto model,
designandanalyzecomputersystems.They have beenatopic of researcKin projectslike IOSIP
[8], SafeRail[5], SpeciMen[7] or HIDE [2]) for mary yearswith valuableacademicresults.
However, their industrialutilization is still limited to specializeddevelopmentsites,despitetheir
vital necessityoriginatingin the compleity of IT productsandthe increasingrequirementgor
dependabilityandQuality of Service(QoS).

The useof formal verificationtools (like SPIN[11] or PVS[21]) in IT systemdesignis hin-
deredby a gapbetweerpractice—oriente€CASE tools andsophisticateadnathematicatools. On
theonehand,systemengineersisuallyshav no propermathematicaskills requiredfor applying
formal verificationtechniquesn the softwaredesignprocessOnthe otherhand,evenif aformal
analysiss carriedout, the consisteng of the manuallycreatednathematicamodelandthe origi-
nal systems notassuredMoreover, theinterpretatiorof analysigesults thusthere—projectiorof
the mathematicahnalysisresultsto the designatedystemis problematical Fromtheengineering
pointof view, thenotionof dependabilityis acompositeonenecessitatinghe analysisof multiple
mathematicapropertiesby usingdifferentverificationtools.

The aim of our ongoingreseach is to provide a provenly correct and complete automated
transformationbetweenUML—-basedsystemmodelsand formal mathematicalerificationtools
for an effectivesoftwae design.[28
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1.1.2 Mathematical Model Transformation

The stepgeneratinghe input languageof a target mathematicatool from the UML modelof the
systemis denotedas mathematicamodeltransformation The inversedirectionof modeltrans-
formation (referredasbad—annotatioh is of immensepracticalimportanceaswell whensome
problems(e.g. a deadlock)are detectedduring the mathematicabnalysis. After an automated
back—annotatiotheseproblemscanbe visualizedin the the sameUML systemmodelallowing
thedesignetto fix conceptuabugswithin his well-knavn UML ervironment.

Several semi-formaltransformatioralgorithmshave alreadybeendesignedandimplemented
for differentpurposege.gformal verificationof functionalpropertied16] andquantitatve anal-
ysis of dependabilityattributes[3, 4, 6]). Unfortunately this corventionalway of modeltransfor
mationlacked a uniform and precisedescriptionof transformatioralgorithmsresultingin hand-—
written andratherad hocimplementationgincorvenientfor implementingcomple transforma-
tions). Moreover, ary formal proof of correctnessindcompletenesaimingto verify thesetrans-
formationscriptsis almostimpossible thustheir uncertainquality remainsa quality bottleneckof
the entiretransformatiorbasedverificationapproach.

Thus,a modeltransformatiorsystem(avoiding thesedravbacks)mustfulfil atleastthe fol-
lowing userrequirements.

e A largenumberof modeltransformationsireplannedo bedesignedo performdependabil-
ity analysisin variousapplicationdomainsrangingfrom early evaluationmethodshasedn
Petrinetsto modelcheckingtechniquesusingtemporallogic asunderlyingmathematical
model.

¢ “Mathematical’modeltransformationsare not only designedoy mathematiciansut sys-
tem engineersaaswell. Thus, thesetransformationsnustbe definedby a visual, easyto
understoodormalism.

e The specificationof a model transformationshould be given in mathematicallyprecise,
unambiguougorm.

1.1.3 VIATRA: A Visual Automated Model Transformation System

The processof modeltransformationis characterizedy a modelanalysisround-tripillustrated
in Fig. 1.1. Typically, a systemdesignerand a transformationdesignerparticipatesin sucha
round-tripwith thefollowing roles.

¢ A transformatiordesignespecifiesnodeltransformationfrom UML to variousmathemat-
ical models(like e.g. Petrinets,temporallogic). From his specificationa transformation
algorithmis generatedtcompiletime.

e A systemanalystdesignscomplex systemsusing UML as modelling language. During
the software life cycles, he needssereral verification stepsto be performedrunning the
previously generateanodeltransformatiorprograms.

Model description A well-definedtransformatiomecessitatea uniform and precisedescrip-
tion of sourceandtarget models. On the otherhand,it shouldfollow the main standard®f the

industry For this reasonthe Meta Object Facility (MOF) metamodellingechniguesareused.
MOF metamodelprovide graphicaimeango definemetaobject$or similarly behaing instances
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Figurel.1: An overvien of modeltransformation

in variousdomainsby combiningthe expressie power of UML Classdiagramgconcerninghe
structure)with the ObjectConstrainf.anguaggOCL) for describingsemantidsssues MOF meta-
modelsare usedas a basisfor describingUML models(following the standardmetamodelof
UML) aswell asmathematicastructuregby creatingnon—standardchetamodel$or them).

A typical UML modelcontainsamoredetailsthanrequiredfor aspecificmathematicaanalysis
(for instance,documentatioror use casediagramsare often of little importance). Thus, in the
sequelaUML modelwill only containtherelevantpiecesof informationwith respecto aspecific
analysisandthis reducednodelcanbe obtainedirom the original usercreatedsystemmodelby
somefiltering mechanism.

In VIATRA, filtering is expressedy metamodelsExactly thoseconstructsareregardedrel-
evant (thustransformable}that areincludedin the metamodebf the sourcelanguage(henceif
specificconstructsareirrelevantfor onepurposethey aresimply notincludedin the metamodel).

Uniform description of models The front—-endandback—endf transformationgUML asthe
sourcemodel and a formal verification tool asthe target model)is definedby a uniform, stan-
dardizeddescriptionanguageof systemmodelling,thatis, XMl (XML Metadata Inter change)
[18] XMI is a specialmetamodeldependentollection of XML constructsproviding an XML
representatiofor arbitrary(MOF basedmodels.

XMI seemgo be a naturalchoiceasa large numberof UML tool vendorsprovide a facility
to exporttheirmodelsinto XMI, morewer, seseralacademicommunitiede.g. PetriNet[12] the
graphtransformatiorcommunity[25]) have starteddiscussiorto settleon a generalXML based
interchangdormatfor theirtools.

Designing model transformation rules The visual specificationof model transformationss
supportedby graph transformation [22], which combinesthe advantagesof graphsandrules
into anefficient computationaparadigm.

A graph transformation rule is a specialpair of patterngraphswherethe instancedefined
by theleft handsideis substitutedwvith theinstancedefinedby the right handsidewhenapplying
sucharule (similarly to thewell-knavn grammarulesof Chomsly in computationalinguistics).
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Model transformatiorrules(in the form of graphtransformatiorrules)arespecifiedby using
thevisual notationof UML. However, for obtaininga tool-independentransformatiorspecifica-
tion, the transformatiorruleswill alsobe exportedin an XMl basedformat, conformingto the
apprwving standardf graphtransformatiorsystemg25].

Correctnessand completenesf transformations Automatedtransformation;ecessitatan
automategbroof methodaimingto verify thatthegeneratedamgetmodelsaresemanticallycorrect.
Moreover, eachconstructallowed in the sourcemodel shouldbe handledby a corresponding
rule. Insteadof verifying thesemanticcorrectnessf individual tagetmodels(generatedby some
modeltransformation)our alternatesolutionputsthe stresonthe correctnessand completeness
of transformation rules, i.e. startingfrom a sourcemodelfulfilling somesemanticcriteria, the
derivation stepsshouldalwayskeepthesepropertiesnvariantfor thetagetmodel.

Automated program generation Evenif the descriptionof the transformatioris theoretically
correctandcomplete additionally the sourceandtamget modelsarealsomathematicallyprecise,
theimplementatiorof thesetransformationfiasa high risk in the overall quality of atransforma-
tion system.As apossiblesolution,anautomatic generationof the transformation algorithm is
carriedoutincluding (automaticallygeneratedprogramdor implementingvisual transformation
rulesandcontrol structureg9].

The transformation engine As beinga logic programminglanguagebasedon powerful uni-
fication methods Prologseemdo be a suitablelanguageor a prototypeimplementatiorof the
transformatiorengine. Thus, the XM| basedmodelsandrule descriptionsaretranslatednto a
Prologgraphnotationservingastheinput dataandthe programto be executedrespectiely. Af-
ter a successfuprototypingphase Prolog could be substitutedwith a more powerful but lower
abstractiorievel languag€like C++ or Java).

Benchmark transformations The modeltransformatiorsystemis plannedto be usedin real
industrialapplications. Several benchmarkransformationdave alreadybeendesignedandim-
plemented.

¢ Transformingthe static aspectsof UML modelsinto timed Petri Nets for dependability
analysisn anearly phaseof systemdesign(discussedh [27]);

¢ TransformingUML Statechartsnto ExtendedHierarchical Automatonproviding formal
semanticgor thosediagramga formal descriptionof the transformatior{16]; presentedn
the currentpaper).

¢ Automaticprogramgeneratiorfor visualcontrolstructureg9].

Back—annotationof analysisresults Theresultsof the mathematicainodeltransformatiorare
plannedto be automaticallyback—annotatetb the UML basedsystemmodel. Thus,thesystem
analystsare reportedfrom conceptuabugsin their well-knavn UML notation. Unfortunately
the currentversionof UML doesnot directly supportthe representationf analysistraces. For
instance the sequencef fired statechartransitionsthat leadsto a deadlock(accordingto the
verificationtool) completelylacks a fine—grainedUML representation.Pleasenote that asthe
resultsof an analysismay form a totally differentmodelin contrastto their input specification
(e.g. sequencef fired transitionsinsteadof statemachines)the problemof back—annotation
might not be equivalentwith aninversetransformation.
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1.1.4 A Scenarioof Model Transformation Engineering

Thestructureof thecurrentpapetis characterizetby traversingthemainstepsin theentireprocess
of modeltransformationdesignon a benchmarkexample. Accordingto modeltransformation
round-trip,sucha processonsistf the following steps.

1. Creating metamodels

(a) As soonasthesource(typically the Unified Modeling Languageandtarget(aformal
verificationmethodandtool) languagesre determinedhe meta—modelga descrip-
tion definingthe semi—formalkemanticof a specificapplicationdomain)of bothlan-
guagesare constructedollowing the guidelinesof the Meta ObjectFacility standard
(Sectionl.2).

(b) Samplemodelsconformingthe metamodelsnay be constructedo verify andtestthe
metamodellingstep.

2. Creating a source model

(a) A sampleuserUML model(a statechartiescribingdynamicbehaiour in our bench-
mark) createdby anarbitrary CASE tool (e.g. RationalRose,Innovator, etc.) having
an XMl exportfeature.

(b) Thewell-formednessf theusermodelis checled.

(c) The UML modelis corvertedinto the MOF Model basedXMI modelinterchange
formatby usingthe standardJML DTD.

(d) This XMI descriptionis processedy a simple parserto build up a simple graph
database.

3. Designingthe transformation
(a) Modeltransformatiorrules(in theform of graphtransformatiorrules)arecreatecand
nestednto transformatiorunits (which provide meangor modularconstruction).
(b) Theserulesarespecifiedvisually (e.g. by overloadingthe syntaxof UML).
(c) Thecorrectnesandcompletenesef thetransformatioris proved.

(d) Thetransformatiorcode(whichis Prologduringtheprototypingphaseandanobject—
orientedlateron)is generatedutomatically

(e) Thetransformatioris executedthetargetdescriptionis generated.
4. Formal mathematical analysis

(a) The mathematicabnalysisis performed(e.g. detectingdead—locksyerifying liveli-
nesspropertiesandspecificatiorconsistenyg).

(b) Theanalysisresultsareback—annotatetb the UML systemmodelby referencerela-
tionsbetweernhe sourceandtamget objects.
1.1.5 Paper Organization

Therestof the paperis structuredasfollows.

e Sectionl.2. summarizeshe conceptof MOF metamodellingvhich will sene asa basis
for describingmodelsfrom arbitrarydomain.
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e In Sectionl.3,thetheoreticafoundationsof modeltransformatiorareintroducedby creat-
ing graphsfrom MOF basedmodels.

e Sectionl.4. provides a brief informal introductionto a benchmarkexample,i.e. trans-
forming UML statechartgto extendechierarchicahutomatorfor obtaininganoperational
semanticgor semi-formalstatechartlescriptions.

e Afterwards,in Sectionl.5, this benchmarkransformatioris specifiedformally, by means
of graphtransformatiorrulesandunits.

e Sectionl.6is concernedvith theimplementatiorof suchmodeltransformationdy describ-
ing ageneralandhighly languagendependeninethodfor automaticorogramgeneration.

e Finally, Sectionl.7 concludesour paper

1.2 MOF Metamodels

Nowadays,dueto the large variety of systemsjntegrationandstandardizatiomplay a majorrole
in the processof software design. Basicrequirementgoncernthe re—useof informationmodels
in variousdomainswhichin turn necessitatea standardizedescriptionof thesemodelsin order
to avoid incompatibility problems.

The standardizatiorprocessof domainspecificmodelstypically consistsof two steps. At
first, the standardizatiocommitteeshouldagreeon a commonhigh—lesel notation(including the
identificationof basicentities their attributesandrelations)oy creatingthe metamodel— amodel
describinganothemmodel— of the specificdomain. In orderto keepthe size of the metamodel
manageablépol (or approach¥ypecificinformationis notincluded,thus,thisfirst stepdetermines
“what to include”in themetamodel.

This metamodellings supportedy the Meta ObjectFacility standardf the ObjectManage-
mentGroup(OMG) which provide acommonbasisfor describingnetamodelsf arbitrarydomain
by combiningthe expressie powver of UML Classdiagramgqwith respecto modelstructure)with
the ObjectConstraini_anguagg/OCL) for describingsemantidssues.

At the secondphaseof standardizationthe committeeshoulddecide“how to include” these
conceptoncentratingn suchrequirementaseasystructure extensionalityanddocumentval-
idation. Moreover, sincethesemodelsaretypically usedin a distributed and heterogeneouen-
vironment(i.e. the Internet),a standardnodeldescriptionformat would be basedon the novel
standardf theweb,the XML (eXtensibleMarkupLanguage).

Another OMG standardthe XMI (XML Metadatalnterchange)was introducedto provide
an automatedmappingfrom MOF basedmetamodeldo an extensiblesetof XML constructs.
With thisrespectthestandardizatiomommitteemayconcentratenthehigh—lesel metamodelling
issuesasits XML implementatiormay automaticallybe generated.

1.2.1 Conceptsof Metamodelling

Thus,the conceptof metamodellindillustratedin Figurel.2) originatesin theneedfor aneffec-
tive designprocessf formal specificatiorandmodellinglanguagesThe large numberof similar
languages— oftensupportechowadaysby visualdiagrams— necessitatea commonmodelde-
scriptionlanguagédcalledmeta—metamodelor MOF Model).

Thesentencesf thistop—level languagddenotecasmetamodels areto describehestructure
of domainspecificinformationmodels. For instance the metamodebf UML is to describethe
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major conceptf UML. However, thesesentencesf the commonmeta—metamodehay be re-
gardedn turnasseparatsub—languaggshelanguagef UML, PetriNets,etc.),thusthey provide
agrammaro describesentencesf alower meta—leel. Theselower level sentencearedenoted
asmodels(e.g.the UML metamodekenesasa commongrammarfor describingdifferentUML
modelsassentences).

As aresult,amodelhierarchy(summarizedn Tablel.1)is availablewith atleastfour meta—
layers.

Meta—level MOF terms Examples

M3 meta—metamodel The MOF Model
M2 metamodel UML Metamodel
M1 model UML Models

MO data modelledsystems

Tablel.1: MOF MetadataArchitecture

Although, the metamodellingconceptsarerelatedmainly to UML andsoftware models,the
similar conceptscanbe appliedfor describingthe structureof arbitrary mathematicamodelsas
suchmodelsuselanguage®f lower abstractiorievel. A MOF metamodebf e.g. PetriNets,or a
finite automatorprovidesaneasy—to—understdmvayto obtainavisualoverview of theunderlying
mathematicastructures.n our benchmarlexample(cf. Sectionl.4), we try to demonstrat¢hat
evenabstractmathematistructuresaneasilybeunderstoodby systemengineersf they aregiven
in aMOF notation.

1.2.2 The MOF Model

TheMOF Modelis an abstact language for definingMOF metamodel¢suchasthe metamodel
of UML itself). Although MOF andUML wasdesignedor differentpurpos€(i.e. metadataver
sussystemmodelling)the MOF Model andthe coreof the UML metamodehrecloselyrelatedin
theirmodellingconceptgclassedor objectsof similar structureassociationasrelationsbetween
theseclassesgeneralizationgtc.). Therefore the correspondindJ ML notationis beingusedas
a notationfor MOF-basednetamodels Neverthelessin orderto distinguishbetweernthe meta-
modelelementsof UML andthe basicconstructsof the MOF Model, latter onesare printedin
capitalinitials.

Themainmetamodellingonstructgrovided by the MOF (andusedin the currentpaper)are
thefollowing (seealsoFigure1.3for thegraphicalnotation).
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¢ Classesre usedfor identifyinganddescribingM2 level meta—entitiesFor instancein case
of traditionalfinite automatonsuchmeta—entitiegould be States,Transitions Automaton,
etc. Pleasenotethatinstancef thesemeta—classe§oncretestates)appearon M1 level
thusit is a subjectof a subsequentnodellingphase.The structuralfeaturesof Classesan
bedescribedy

— Attrib utes avalueholderin aninstanceof theclass;

— Generalization in this casetheinstanceof a Classinheritsits structureandbehaiour
from instance®f otherClasses.

— Abstract ClassestheseClassesnaynothave ary instancegatalower meta—leel).

e Associationsare binary relationsbetweerClassinstances EachAssociationhastwo As-
sociationEndsthatmay specify

— aggregation semantic§when a Classinstanceis composedof several other Class
instances)

— cardinality (a Classinstancemay be in a specificrelationwith a limited numberof
instances)

— uniguenesgthe sameinstancemustnot appeatwice in amodel)

— a Referencethat allows navigability of the Associatiors links (i.e. Classesfrom a
Classinstancewhenthe Classis thetype of an AssociationEnd

e Thefollowing constructsarealsoincludedin the MOF Model, however, they arenot dis-
cussedn detailsin the currentpaper

— Packagesarecollectionsof relatedClassesandAssociationsandthey supportamodu-
lar compositiorandinformationhidingin ametamodeby nestingandimportingother
Packages.

— DataTypesallow the useof basicand external typesfor Operationparameterand
Attributes.

— Constraints areusedto associatsemantiaestrictionswith otherelementsn a MOF
metamodeby definingwell-formednessulesfor the metadatalescribedy a meta-
model. The Object Constraint Language(OCL) [19] is oftenusedasa semi—formal
languagdor expressingconstraintshowever, it still lacksa precisesemantidasis.

Example 1.2.1 In Figure1.3,sampleMOF metamodeldlustratethe graphicalnotationof MOF.

e InFigurel.3(a),anAbst r act Super d ass (printedin italics) is introducedfrom which
asampleC ass isinherited.ThisCl ass hasanAtt ri but e of aspecificType.

e The metamodeln Figure 1.3(b) statesthat every instanceof a Vehi cl e is composedf
(note the black diamond)an arbitrary numberof Tyr es, while eachinstanceof a Tyr e
may belongto a singleVehi cl e (instance)y the correspondingardinalities(0. . * and
1 respectiely). The Tyr e instancesare accessibldrom the containerVehi cl e via the
t yr es AssociationEndwhile the Associations navigableviamyVehi ¢l e in theopposite
direction.
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Example 1.2.2 A samplemodeland MOF metamodebf finite automatorare provided in Fig-
urel.4.

e Accordingto themetamodel:

— A finite automatonis composedof statesand transitions(indicated by the corre-
spondingMOF ClassesAut omat on, St at e andTr ansi t i on and Aggregations
st at es andt ransi ti ons).

— A St at e hasa nane as an Attribute, and may also be in turn either a start state
(St art St at e) or anacceptingstate(Acc St at e).

— A transitionhasa character(char ) of type Char asan attribute (taking its value
from the alphabet). Moreover, a transitionis leadingfrom a stateinto anotherstate
(expressedy two association§ r omandt 0).

e |In thesampleautomaton:

— Thereis astartstatecalleds 1 andanacceptingstates2.
— Thereis atransitionfrom s 1 to s2 triggeredby characteb.
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Although MOF metamodelsstill lack a precisesemanticsthey provide a semi-formaland
easy-to-understanidnguagdor describingthe structureof systemandmathematicamodelsuni-
formly. As only asmall(but still meaningful)subsebf MOF constructsareusedfor our purpose,
we expectthat a future (mathematicallyprecise)metamodellingapproachwill containall these
featureqvaluablefoundationsare[26, 30]).

1.3 Theoretical Foundationsof Model Transformation

In this section,basicconceptof graphtransformatiorsystemgsuchasgraphs,graphtransfor
mationrules,transformatiorunits, etc.) areappliedto the specialneedsof modeltransformation
built upon MOF metamodeldn orderto provide a precise(but practiceoriented)mathematical
backgroundFor the basicdefinitions,we will basicallyfollow thedirectionsof [1], while further
detailson the theoreticafoundationof modeltransformationganbefoundin [29].

1.3.1 Graph Models

Definition 1.3.1 A directedgraph G = (NODES, EDGES, source, target, label) consistsof a fi-
nite setNODES of nodes, a finite setEDGES of edgestwo mappingsassigningthe source and
the target nodeto eat edge, and a mappinglabel, assigninga labelling symbolfrom a given
alphabetto ead nodeandead edee.

An edee e in G goesfrom the source source(e) to the target target(e) and is incident to
source(e) andtarget(e).

Definition 1.3.2 A graphL is a subgraphof G, denotedby L C G, if the nodeandthe edge sets
of L are subsetof the respectivesetsof G, and the souice the target and label mappingsof L
coincidewith therespectivanappingof G restrictedto L.

Definition 1.3.3 L hasan occurrencein G, denotedby L — G, if there is a mappingocc which
mapsthe nodesand the edges of L to the nodesand the edges of G, respectivelyand preserves
souces,targets,andlabellings.

Definition 1.3.4 Labelsin typedgraphsare dividedinto classescalled types,andthat edges of
a certaintypeare restrictedto beincidentonly to certaintypesof souice andtarget nodes.Typed
graphscanbe specifiedby so—calledgraph schemataase.g. in [23].

Definition 1.3.5 Attributed graphs are equippedwith attributes. Attributescan be of different
types(a numbera text, an expressiona list or evena graph).

Definition 1.3.6 A modelgraph G is a directed,typedand attributed graph with the following
structue.

e A graphnodeis associatedvith a uniqueidentifierld, anda typelabel T,.

e Anedg hasan ownld, a refelenceto a source Ids and a target Id+ identifief and a type
label Te.

e Bothnodesandedgsmayberelatedto attributes(represented.g. asspecialgraphnodes)
with an Id identifier (referringto the graph elementheattribute is relatedto), a typelabel
T, anda datavalueV.
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Model graphsmay alsocontainn-aryrelationsbetweemodes(denotedasrelationsor hyper
edges) put theserelationsarerepresentedby a specialclassof modelgraphnodesconnectedo
“original” graphnodesby special(resered) typesof edges. Model graphrelationsare closely
related(in their useandfunctionality) to PROGRESpathexpressiong24] with the extensionof
having morethanonesourceand/ortargetnodes.

The conceptsof a modelgraphwere introducedin orderto obtaina closecorrelationwith
MOF basedmodels.In amodelgraph,eachnodeandedgemusthave typelabelscorrespondingo
aMOF construciin themetamodelThis correspondencis characterizetby thefollowing rules:

¢ Instanceof a MOF Class(A) aremappednto modelgraphnodeswith identically named
types.

e Instance®f anavigableMOF AssociationEndE) betweerntwo MOF Classegfrom Ato B)
areprojectednto modelgraphedgeswith thefurthertyperestrictionthatall thegraphedges
of type E have to connecta graphnodeof type A to a nodeof typeB. (As aresult,a MOF
Associationwith two navigable AssociationEndsre projectedinto two separatalirected
modelgraphedges).

¢ MOF Attributesaredirectly mappednto modelgraphattributes.

|
|
|
Sstates> | ni identifier
|
|

|
|
|
|
|
|
i | <Automaton> type label |
[ start acceptlng‘ <Star§8tate> <Transmon> <Accgtate> | |
} state state ! ! | edge |
| | ! I = |
! namel Chaf name l char attribute=
- —Db - yansiton | i - name-+value '
77777777777777777777 | . _______n.
(a) Finite automaton (b) Model graphof FA

Figurel.5: Model graphsfrom MOF basedmodels

Example 1.3.7 In this respectthe modelgraphof Figure 1.5(b)is an equivalentof the simple
automatorof Figure1l.5(a). Themodelgraphcontains

e nodessuchasnl, n2, n3 andn4 (in thefollowing, we referto a graphobjectby its identi-
fier) of type Aut omat on, St art St at e, AccSt at e andTr ansi t i on respectiely.

e edgeslike el ande?2 of type st at es ande3 of typetransi ti ons connectingthe
automatomodewith its statesandtransitions.

e afttrib utesattachedo eachnodethatcontainthe nameandthevalueof theattribute suchas
nane: sl forstatesandchar: b for thetransition.
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Referencegraphs As the maingoalof modeltransformatioris to derive atagetmodelfrom a
givensourcemodel,sourceandtamet objectsmustbe linked to eachotherin someway to form
a singlegraph. For this reasonthe following definition introducesthe conceptsof a reference
graph. Thestructureof areferencegraphis alsoconstrainedy a correspondingeferencaneta-
model, which contains(i) referencef existing sourceandtarget metamodehodes;(ii) novel
(so—calledyeferencenodesthat provide a typed couplingof sourceandtarget objects,and (iii)
referenceedgesconnectingall thesenodes.

Definition 1.3.8 Areferencegraph G,ef = (Gs, G, NODES, s, EDGES,¢f) containsa sourceand
atargetmodelgraph(Gs andG;, respectively)andanadditionalsetof refeencenodeNODES, ¢
anded@gesEDGES, ¢, whee

e areferencenodeis a modelgraph node(thusassociatedvith a uniqueidentifier Id, and
atypelabel T,) of the refeencemetamodel Refeencenodeswill be depictedby rounded
boxesin the sequelfor beingableto distinguishthemfrom source andtarget objects.

e areferenceedgeis a modelgraphedge (of therefeencemetamodeljhat maylead from a
referencenodeto eithera source atargetor a refeenceelemenbf a specifictype

The previous definition of referencegraphscanbe extendedto refernot only to singlenodes
but to a subgraplof sourceandtaget models.As aresult,a morecomplex andrefinedreference
structurels obtained.However, the referencegraphis no longera simplegraphbut a hierarchical
graph(wherenodescanberefinedin turnto entiregraphs).

In the following section,operationggraphtransformatiorrules) will be definedthat would
manipulateanarbitraryclassof graphg(including, naturally modelandreferencegraphs).

1.3.2 Transformation rules

Graph transformation consistsof applyinga rule anditeratingthis process Eachrule applica-
tion transformsa graphby replacinga partof it by anothergraph(which is conceptuallysimilar
to textual patternmanipulationin Chomslky grammars).

Definition 1.3.9 A graph transformation rule r = (L, R, Emb, App) containsa left-handside
(LHS) graphlL, a right-handside(RHS)graph R, someembeddingnetanismsEmb and appli-
cationconditionsApp.

Definition 1.3.10 Theapplicationof r to a hostgraph (graphinstance)G replacesan occurtence
oftheLHSL in G bytheRHSR. Thisis performedby

1. findinganoccurenceof L in G (alsodenotedasgraph patternmatding),

2. chekingtheapplicationconditionsApp (e.g negativeapplicationconditionswhich prohibit
the presencef certainnodesand edges)

3. remwingapartofthegraphG determinedytheoccurrenceof L yieldingthecontextgraph
D,

4. gluing R andthe contet graph D by usingthe embeddingnedanismEmb, and obtaining
thederivedgraphH.
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The computationalcomplity of graphtransformationdependsmainly on the compleity
of graphpatternmatching. Unfortunately this problemis equivalentwith the subgraphisomor
phism problem,which is known to be NP-complete.However, existing graphpatternmatching
approachege.g. searchpathsin PROGRES[?], or the constraintsatishctionmethod[15]) shav
anacceptableun—timebehaiour for practicalapplications.

Thepreviousdefinitioncoversseveralgraphtransformatiorapproachesachof themanswer
ing thefollowing two mainquestionsoncerningule applicationdifferently

e Shallwe allow thatthe matchof arule is a non-isomorphidmageof its LHS, i.e. thattwo
nodesof the LHS sharethe samenodein thehhostgraph?

¢ If deletionof anodeis orderedby arule, how to handle(or avoid) danglingedgesi.e. those
edgeghatareconnectedo the nodeto be deletedout not handledby the specificrule (asa
graphmustbe obtainedaftereachdervationstep).

Theaim of modeltransformations to generatatargetmodelfrom scratchthatis semantically
equialentwith a givensourcemodel. For this reasongachoccurrenceof a specificLHS pattern
hasto betransformedaccordingo the RHS.Moreover, themajority of modeltransformatiomules
arenon-deletingwhich ensureshe pleasanpropertyof beingableto handleall the LHS matches
parallelly (parallelexecution).

Ontheotherhand,whenthedeletionof certaingraphobijectsis prescribedy arule, we must
ensurethatdistinctparallelmatchesdo not confrontwith eachother In our modeltransformation
approachparallelly executableulescannotremove ary partof thegraphto avoid suchproblems.

Following the classificatiorof differentgraphtransformatiorapproachethatcanbefoundin
[22], amodeltransformatiorrule is definedby answeringhe previous questionsasfollows.

Definition 1.3.11 A modeltransformationrule r, is a specialgraphtransformatiorrule, wheie
e bothgraphsL andR arerefeeencegraphs;

e anoccurrenceof L in G is notrequiredto beanisomorphicimage of L (two nodesin the
LHS mayshale the samenodein the hostgraph);

¢ all thedanglingedgesare deletedautomatically(asdeletionis a rare opeiation);

¢ if the LHS graphis composedf more than one componentshan all but one component
mustcontaina nodeobtainedas parameter

To limit the worst-casecompleity of the graphpatternmatchingin model transformation
rules, the last requirementn the definition necessitatethat if the LHS graphof a rule is con-
structedfrom morecomponentshena nodeof eachcomponen{exceptfor one)hasto beidenti-
fied by input parameterpassedo therule. In this way, having morecomponentsn the LHS will
notdrasticallydecreaseun-timeperformance.

For practicalapplicationsmodeltransformatiorrulesareallowedto containparametenodes
and edges. An input parametelis mappedto the LHS of the rule, and determineshe image
of the parametenode (or edge)in constantime (supposinghatits occurrencevasdetermined
beforehand)An outputparameterequiresa RHS objectto be mappedo it.

Fortunatelythetheoreticabase®f modeltransformatiomulesneednotbealteredasinputand
outputparametermerelyprovide additionalapplicationconditions.Thus,we mayaddparameters
to transformatiorrulesin thesequel.
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LHS RHS
<CompState> <CompState> <RefState>  <hState>
(59 = (s D)
T src trg
name=N name=N name=N

<CompState> <CompState>

@ subvertex @
El

isConcurrent="true’
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Figurel.6: Thestructureof modeltransformatiorrules

Example 1.3.12 A samplemodeltransformatiorrule is depictedin Figure1.6. It consistsof a
LHS, angyative applicationcondition(Neg) anda RHS graph.

¢ Thereferencegraphof the LHS containsa singlenodeof type ConpSt at e identifiedby
thevariableS1 andwith a singleattribute calledname having avalueV (all theidentifiers
andattribute valuesthatbegin with capitallettersareidentifierswhile datavaluesareprinted
betweerguotationmarks).

e Therule containsa negative conditionprescribingthat nodes 1 mustnot be connectedo
aconcurreniConpSt at e nodeby asubvert ex edge(attributesareindicatedthis time
without boxes). The mappingbetweenLHS and Neg nodesand edgesare describedby
identically namedidentifiers(suchasS1). Sucha mappingprescribeghatthe nodesin the
LHS andNeg mustsharethe sameinstancen the hostgraph.

¢ The RHS of the rule containsthe S1 node(note the mappingwith identical names) two
additionalnodesR1 (areferencenodeof type Ref St at e) andT1 (a targetnodeof type
hSt at e) connectedy edgesCl andC2 (of typesr c andt r g).

As the value N of attribute nane in T1 canalso be mappedto the attribute of S1 (such
a mappingis also indicatedby a Prolog like unification), the valuesof the two attributesare
identical. In a more generalcase the value of a newly constructechttribute may be definedby
a correspondindunction. In this way, we may transformnumericalvaluesin additionto graph
structure.

Example 1.3.13 Theparallel applicationof the previousrule is demonstrateih Figurel.7.

¢ The referencehost graphto which the rule is plannedto be appliedis depictedin Fig-
urel.7(a).LetConpSt at e nodeswithoutani sConcur r ent attributedenotethedefault
casewhenthis valueis false.

e Thefirst step(Figure 1.7(b))is to find an occurrenceof the LHS in the hostgraph,i.e. a
nodeof type ConpSt at e. In the currenthostgraph,theLHS patterncanbe matchedhree
times(sl, s2 andS4). Thenodes1 canbe matchedbecausehe LHS patternprescribes
no conditionsfor thei sConcur r ent attribute. The nodes3 cannotbe matchedasits
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Figurel.7: Applying modeltransformatiorrules

type Si npl eSt at e doesnot correspondo the type of the patternnode(ConpSt at e).
As we applyourrule parallelly (asthe default semanticdor rule application),eachparallel
manipulationprocesss indicatedby differentcolours.

e Afterwards,the nggative applicationconditionis checled, which prescribeghatthe LHS
nodeS1 mustnot be connectedo a concurrentConpSt at e nodeS2 by asubvert ex
edge. At this point, the occurrenceof nodes?2 is invalidatedasit canbe extendedby the
patternof the Neg graph(a subvert ex edgeleadingfrom a concurrentConpSt at e).
Ontheotherhand,theoccurrencef s1 is valid asthereareno edgef typesubvert ex
in thehostgraphthatleadto s 1.

e At third, theoccurrencesf thoserule graphobjectsthatappearonly onthe LHS but noton
the RHS aredeletedfrom the hostgraph. In our samplerule, no suchdeletionsareneeded
to be performed.

¢ Finally, thoseobjectsthat appearonly on the RHS (but not on the LHS) are addedto the
hostgraph.In our modeltransformatiorrule, areferencenodeanda targetnodeconnected
by correspondingedgesshouldbe createdfor eachmatches.For this specificapplication,
referencesiodesr 1 andr 2 of type Ref Node arecreatedtogetherwith tamget nodest 1
andt 2 of typehSt at e andreferenceedgesc1, c2, ¢3 andc4.

1.3.3 Transformation Units

As possibleindustrialapplicationsof modeltransformatiorsurelyconsistof very large andcom-
plex modelscontaininghundredsof rules, model transformationrules must be extendedby a
sophisticatedtructuringmechanismshatallow to composdhemin a modularway:. In thegraph
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transformatiorcommunity the conceptof transformatiorunitswereintroducedor suchpurpose
(e.g.[1, 13)).

Definition 1.3.14 A transformationunit tu = (I,U,R, C, T) is a systemwhee | and T are graph
classexpressiong(describinginitial and terminal graphs),R is a finite setof rulesand C is a
contwl condition,andU is the setof importedtransformatiorunits (which is empty initially).

Definition 1.3.15 A modeltransformation unit is a transformatiorunit where
e thegraph modelconformsto thoserefeencegraphsdescribedn Definition1.3.8;
e thesetR of rulesis well-formedmodeltransformatiorrules

¢ theclassof control conditionsC (containingcontmol flow information)is composemf ex-
tendedregular expressiongdiscussedn detailse.g. in [14]). Ead ¢; is eithera transfor
mationunit or rule identifieror a previouslydefinedcontrol condition.

— skip is theidle opeiation

— try(c) appliesc at mostonce(onceif c is applicableandfails otherwise);Thisopem-
tion is alsodenotedastest

— forall(c) representghe parallel applicationof c;
— ¢1, ¢ standsfor the contol flow in which ¢, is appliedright afterc; (sequence

— c1;¢p representssud a contol flow whee we choose from ¢; and ¢c; non—
deterministically(choice);

— if c then ¢; else cp servesasabranch of thecontiol flow (dependingntheevaluation
of ¢);

— c! appliesc aslong aspossible
— c1]cp standsfor sud a contol flowwhere ¢; andc, canbeappliedparallelly (fork).

Initial and terminal classexpressionsserne as preconditionsand postconditionson graphs
transformedby the unit. Model transformatiorrulesare nestednto transformatiorunits, which
unitsthemseles canbe importedby further transformatiorunits (circularimport is usually for-
bidden). In this sensethe entiretransformatioris definedin a hierarchicalway; similarly to the
procesof IT systemdesign.

Several ways of non—determinisnare embeddedn the applicationof graphtransformation
rules,for instancechoosinganappropriateaule to beappliedor finding anoccurrencef the LHS
of therulein thegraph.Althoughnon—determinisnis oftenusefulin the phaseof amathematical
analysisjt hasto beeliminatedin practicalapplicationsbeforetheimplementatiorphase Control
conditionsprovide a naturalmechanismo restrictthe controlflow of modeltransformation.

Example 1.3.16 Figurel1.8. shavs a samplemodeltransformatiorunit (sanpl eTU), which de-
rivesthegraphg’ from inputgraphg. Thetransformatiorunit stateghat

¢ theinitial andterminalgraphmustbe a well-formedreferencegraphs,
e vari ant TUhasthreerulescalledvar i ant R, adj udRanddi st Vot eR
o two furtherunits(notdiscussedherein details)areimported,namelyf t sTUandl i nkTU

e thecontrolconditionprescribeshat
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sampleTWg, §'):
initial: r ef erence_graph(9)
terminal: r ef er ence_gr aph(9)
rules: vari ant R, adj udR, di st Vot eR
uses:ftsTU, | i nkTU

Figure1.8: Model transformatiorunit “variantTU”

1. f t sTUis executedfirst;
2. thecontrolflow forks afterwards;

(a) in onethreadwe shouldapply var i ant R aslong aspossiblefollowed by the
transformatiordescribedn | i nkTU;

(b) in theotherthread,f conditionc evaluatedo truethenadj udRis appliedother
wisedi st Vot eRis executed.

1.4 Benchmark Transformation

In the previous section,a theoreticalframeavork of modeltransformationdasbeenintroduced
whichframewvork hasalsoprovidedaclosecorrespondendeetweerMOF basednodelsandgraph
transformatiorrules. In the sequel the conceptof modeltransformatiorwill beillustratedona
benchmarlexamplewhich transformdUML statechartinto their extendedhierarchicalautomata
equialents.

This sectionwill be organizedto follow the scenarioof modeltransformationgliscussedn
Sectionl1.1.4.Bothsourceandtamgetmodelsareintroducednformally atfirst, whichdescriptions
arefollowed by a more detailedspecificationof their structuralsemanticdy the corresponding
MOF metamodels.

1.4.1 An Informal Intr oductionto UML Statecharts

UML statechartsre an object—orientedrariant of classicalHarel statechart$10] andthey are
a notationfor describingbehaioural aspectof the systemunderdesign. In fact, the statechart
formalismitself is anextensionof traditionalstatetransitiondiagrams.

Figure 1.9 summarizeshe basicnotationof UML statechartsyhile the samplestatecharbf
Figurel.10will sene asthesourcemodelof thetransformatiorateron.

States Statechartarebasicallyconstructedrom statesandtransitions.In fact,one of the main
conceptof statechartss staterefinementln Fig. 1.10states 1 is refinedinto two distinctautoma-
ton (representedsa singlestate),s4 ands5, eachof themis refinedin turn into an automaton
consistingof furthersubstatege.g.s6, s 7). Stategefinedto sub—statearedenotechscomposite
additionally s4 ands5 arecalledconcurrent substatesfs1.

“Systemstates”aremodelledby configurations, which aresetsof active statesFor instance,
our samplesystemcanbe ary of the following configurations:{ s1, s6, s8},{s1, s6, s9},
{s1,s7,s8},{sl,s7,s9},{s2},{s3}.

control: ftsTU, (((variantR'),1inkTU) |(if ¢ then adjudR el se distVoteR))
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Figurel1.10: ThesourceStatecharmodel

Transitions A transitionconnectsa source stateto atarget state. A transitionis labelledby a
triggerevent, abooleanguard anda sequencef actions

A transitionis enabledandcanfire if andonly if its sourcestateis in the currentconfiguration,
its triggeris offeredby the externalervironmentandthe guardis satisfied.In this casethe source
stateis left, theactionsareexecuted andthetarget stateis entered.

In our example,if evental is offeredandthe currentconfigurationis { s2} , states?2 is left
andstates1 is entered.In particular ass1 is composite we alsohave to definewhich arethe
substateghatarereached.In the caseat hand,they arethe default onesspecifiedby the initial
statesof s4 ands5, namely s6 ands8. In a generalcase,the sourceand tamget stateof a
transitionmay be at a differentlevel of the statehierarchy Sucha transitionis denotedthenas
interlevel.

Event dispatching In general morethanoneeventcanbe availablein the ervironment. The
UML semanticassumes dispatcher, which selectsone event at a time from the ervironment
andoffersit to thestatemachine As aresult,morethanonetransitioncanbeenabledwhich may
causea conflictto beresohedif theintersectiorof the statedeft by theenabledransitionsis not
empty Conflictingtransitionsaretried to be resolhed by usingpriorities: a transitionhashigher
priority thananothettransitionif its sourcestateis a substatef the othertransitions sourcestate.
If conflictscannotberesolhed by priorities,ary of the enabledransitionscanbefired, morewer,
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in caseof concurrenstatesmorethanonetransitionis fired atatime.

1.4.2 The Metamodel of UML Statecharts

In the following, the major featuresand componentf UML statetarts will be describedby
meanf the standardOF-basedJML metamode(Figurel.11). However, additionalsemantic
restrictionsexpressedn OCL areomittedthis time dueto thelack of space.

kind: Enu

f CompStaté (SimpStat(—ﬂ

ﬂ |sConcurren}

(a) Coreconcepts

( Event ) (ModelElement Statemaching

L J—DLname rng v

(b) Inheritancérom ModelElement

Figurel.11: ThemetamodelUML Statecharts

e The top-level classis called Model Element It is an abstractsuperclasgthus without
instancesyvith a singleattribute nane.

e A state machineis a behaiour that specifiesthe sequencesf statesthat an objectgoes
throughduringits life in responseo events,togethemwith its responsendactions.

In themetamodeh St at eMachi ne is composeaf at op Stateandanarbitrarynumber
oftransitions.

— Thet op associatiorefineghetoplevel St at e (exactly oneasdepictedby its multi-
plicity 1) directly ownedby St at eMachi ne. FurtherSt at es areownedby parent
compositestatesanddiscussedater

— Thetransi tions role relatethe St at eMachi ne to its Transi ti ons. All
Transi ti ons areowneddirectly by atmostoneSt at eMachi ne.
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A state vertex is an abstractclassin the statechart.In general,it canbe the sourceor
destinatiorof any numberof transitions.

In themetamodeh St at eVer t ex is asubclas®f Mbdel El enent .

A stateis a conditionor situationduring the life of an objectmeanwhileit satisfiessome
condition,performssomeactionor waitsfor someevents.

In themetamodebBt at e is anabstractlassandasubclas®f St at eVert ex.

A simple stateis a statethatdoesnot have substates.

In themetamodel Si npl eSt at e is asubclas®f St at e andit doesnot have ary addi-
tional features.

A compositestateis a statethatconsistof substates.

In themetamodeh Conposi t eSt at e is asubclas®f St at e.

— Its subvert ex associatiordenotesa setof St at es that form the substate®f a
Conposi t eSt at e. Eachsubstatéds uniquelyownedby its parentConposi t eS-
t at e, andself-containmenis not allowed either

— Thei sConcurr ent attribute hasa booleanvaluethat specifiesthe decomposition
semanticsif thisattributeis true,thenthe compositestateis decomposedirectly into
two or moreorthogonalconjunctie regions (usuallyassociateavith concurrentexe-
cution). Otherwise thereareno directorthogonakegion in the compositestate. This
meanghatexactly oneof the substatesanbe active ata giveninstant(i.e. sequential
execution).

A pseudostateis anabstractiorof differenttypesof nodesncludinginitial andfinal states.

In the metamodeh PseudoSt at e is asubclas®f St at eVer t ex. It possessheki nd
attribute thatcanbee.qg.initial , final, fork or branch.

An additionalsemanticonstrainhereshouldstatethateachnon-concurrentompositestate
musthave exactly oneinitial pseudcstate.
A transition is a binary relationshipbetweera sour ce statevertex andat ar get state
vertex.
In themetamodelr ansi ti on isasubclas®f Model El enent thatparticipatesn vari-
ousrelationshipswith otherstatemachinemetaclassegby associations):
— tri gger specifieghesingleEvent which activatesit
— guar d is apredicatahatmustevaluateto trueattheinstantthetransitionis triggered;
— ef f ect specifiesanAct i on which hasto be performedafterthetransitionis fired.
— sour ce denoteghe St at eVer t ex affectedby firing theTr ansi ti on.

— target denotedghe St at eVer t ex thatresultsfrom afiring of the Tr ansi ti on
whenthe St at eMachi ne wasoriginally in the sourceSt at e. After thefiring the
St at eMachi ne isin thetamgetSt at e.

An event mayleadto the activation of a someinternalbehaiour in anobject.

In themetamodehnEvent is asubclas®f Mbdel El enent andis apartof aTr ansi -
ti on byrepresentingtstri gger .
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e A guard conditionis a booleanexpressiorthat may be attachedo a transitionin orderto
determinewvhetherthattransitionis enablecbr not.

In the metamodelGuar d is a Model El ement . Its expr essi on attribute is a boolean
expressionwhich specifieghe guardcondition.

e An action may alsoleadto the activation of a someinternalbehaiour in anobjectaftera
transitionhasbeenfired.

In themetamodebnEvent is asubclas®f Model El ement andis apartof aTr ansi -
ti on by representingts ef f ect .

Pleasenote that the UML metamodebas slightly simplified (with respectto the standard
UML metamodel)n orderto keepthelevel of legibility of the paper In our opinion,thesemodi-
ficationsdo nothave majorimpacton statecharsemantics.

1.4.3 An Intr oduction to ExtendedHierar chical Automaton

The conceptsof ExtendedHierarchicalAutomaton(EHA) wereintroducedin [17] for the first
time. However, in the currentpapera slightly modifiedversionis used(following [16]) sincethe
latter paperscontainthe textual descriptionsof the Statechart—-EHAmappingwhich sene asa
basisof our benchmarkmodeltransformation.

ExtendedHierarchicalAutomatonprovide aformal operationakemanticfor UML Statechart
diagramsHaving only asmallnumberof rules(see[16] for detailson rules)facilitatestheformal
proof of propertieghatshav the correctnessf the formal semanticswith respecto the require-
mentsformulatedin the definitionof UML[20].

However, the currentpaperthe discussiorof theseoperationakemanticaspectss omittedas
the transformatiorbetweernthe SC and EHA notationis a structuralone (accordingto [16]). In
otherwords, we transforma statecharstructureinto an EHA structure,which containsall the
basicinformationthatis neededor specifyingits semantidehaiour.

Definition 1.4.1(SequentialAutomaton) A sequentiahutomaton is a4-tuple(oa,sq, Aa, da)
whele o, is afinite setof stateswith sg € op theinitial state Aa is afinite setof transition labels
(labelshavea particular structue) andéa C oa X Aa X oa is thetransition relation.

Definition 1.4.2(Transition Labels) A transition label A € Aa is a 5-tuple (sr,ev, g, ac, td),
whete sr is the sourcerestriction, ev is thetrigger event,g is theguard, ac is thelist of actions,
while td is thetarget determinatar

Definition 1.4.3(Hierar chical Automaton) A hierarchical automatonH is a 3-tuple (F, E, p),
wheeeF is a finite setof sequentiahutomatorwith mutuallydisjoint setsof statesE is a finite set
of events andtherefinementfunction p : Uacr oa — 2F imposesa treestructue to F.

Example 1.4.4 A samplehierarchicalautomator(which will turnto bethealternaterepresenta-
tion of the statechartn Figure1.10)is depictedin Figure 1.12with a self-explanatorynotation.
Thetransitionlabelsarelistedin Table1.2.

Pleasenotethatthereareno “interlevel” transitionsin the EHA model. The sourceandtarget
statesof the original SC transition(seet 5, for instance)are encodednto transitionlabels(s6,
s9).
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Figurel.12: A sampleExtendedHierarchicalAutomaton(EHA)
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Tablel.2: Transitionlabels

1.4.4 The Metamodel of ExtendedHierar chical Automaton

Accordingto the previous formal definitions,the MOF metamodebf EHA will be constructedn
thesequelFigurel.13).

islnitial:Bool
autSt

]
ate
refined

*

hAutomato?

(a) Coreconcepts (b) Inheritancefrom hElement

Figurel.13: Themetamodebf ExtendedHierarchicalAutomaton

e TheMOF ClasshEl enent isthetop—level abstracClassof the EHA metamodellt hasa
singleattribute name which containsthelabelsfor statesandtransitions.

¢ A hAut omat on specifiesan EHA sequentiabutomaton.lt is a subclasof hEl enent ,
andhastwo navigable AssociationEnds;

— aut St at e accessethe arbitrary numberof states(hSt at e) of the automaton(at
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the currentlevel). A statebelongsto exactly one automatorasthe setof statesare
disjoint.

— aut Tr ans lists all the transitions(hTr ansi t i on) that belongto the specificse-
guentialautomatonA transitionbelongto exactly oneautomatorthis time aswell.

e TheMOF ClasshSt at e denoteghestatesof EHA. It is asubclas®f thetop—level hEl e-
ment .

— Theattributei sl ni ti al specifieavhetherthe stateis aninitial stateof anautoma-
ton. A semanticconstrainthereshouldprescribethat eachautomatonmay not have
morethanoneinitial state.

— If anEHA stateis refinedto oneor moresub—automatonsheseautomatongsreacces-
siblevia the AssociationEnd ef i ned. An automatoris arefinemenbf exactly one
state(e.g. A0 in Fig. 1.12is arefinementbf thetop—lesel statewhich is not depicted
explicitly).

e TheMOF ClasshTr ansi t i on istheEHA equivalentof UML transitions.lt is asubclass
of hEl enent , andpossessethe following navigable AssociationEnds.

— f r om specifiesthe sourcestateof an EHA transition (pleasenote that only non—
interlevel transitionareallowedin EHA accordingto the definition). A transitionhas
exactly onereferredsourcestateanda statemay bethe sourceof anarbitrarynumber
of transitions.

— t o refersto thetaget stateof atransition(the restof its semanticgs similar to oneof
from.

— ev isfor determiningthe eventthathastriggeredthe specifictransition.

— g describeghelogical guardconditionof thetransition

— ac is usedfor accessinghe correspondingaction that the triggeredtransitionhas
executed.

— The sourcerestrictionand target determinatorof a transition(calledsr andt d re-
spectvely) is composeaf two collectorClasse®f typehSt at eSet .

TheClasshAct i on is asimplified EHA representatiofor UML Actions.

The MOF ClasshEvent correspondso the UML Eventconstruct.

The MOF ClasshGuar d correspondso the UML Guardclass.

The instancesf a hSt at eSet Classare related(by the associatiorset El enent ) to
an arbitrary numberof hSt at es, while a hSt at e may belongto more than a single
hSt at eSet .

After having introducedthe structureof sourceandtarget models,we turn on to their trans-
formation. As a startingpoint, our goalscould be summarizedastaking the sourceSC model of
Figurel.10.asinputandobtainingthe EHA modelof Figurel.12astheresult.

1.4.5 An Informal Description of the Statechart—-EHA Transformation

ThemodeltransformatiormappingUML statechartinto their EHA equialentswill be sketched
informally accordingto [16]. An ExtendedHierarchicalAutomatonH = (F, E, p) will bedefined
by the setof sequentiahutomatar, therefinemenfunctionp anda setof eventsE.
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Setof sequentialautomata Eachautomatom € F, A = (oa, s, Aa,da) is definedasfollows.

e States Statesf the statecharareuniquelymappedo statef sequentiahutomata.

— RootautomatorH. If the (composite)op statesy of the statecharis concurrenthen
it is mappedo the single(initial) stateof a degenerateoot automatorH. Otherwise,
the directsubstate®f thetop stateare mappedo statesoy of the root automatorH.
(In practicalapplicationsthetop—statds never concurrent.)

— Ead sub—automataf H. Eachnon—concurrentompositesubstate defineghestates
of a unique sequentialautomatonA, asdirect substate®f s are mappedto states
of oa,. Note thatregions (direct substatef a concurrentcompositestate)are not
mappedo ary statein the extendedhierarchicalautomaton.

e Initial state Theinitial states of anautomator is the statethatcorrespondso the state

of the statechartarked by aninitial pseudcstate.

Transitions. In orderto definethe mappingof thetransitionswe needthefollowing defini-
tions. A transitionof the statecharts characterizedy its lowestcommonancesto(LCA)
state,which is the lowestlevel non—concurent statethat containsall the sourceandtarget
states.The main source (maintarget) of a transitionis the direct substateof its LCA that
containgthe sourceqtamets). Accordingto the above rules,mainsourcesandmaintamgets
arealwaystransformedo statesof the sameautomaton.

Eachtransitionr in thestatecharis mappedo a uniquetransitiont of the EHA asfollows.

The souce (target) of t is the statethat correspondgo the main source(main target) of

7. This meansthat a compoundor interlevel transition of the statecharis mappedto a
transitionof the automatorcontainingthe statescorrespondingo its mainsourceandmain
tamget (this automatoris a sub—automatonf the staterepresentinghe LCA). The original

sourceandtarget stateswill beincludedin the label of the transitionin the form of source
restrictionandtargetdeterminatoasdescribedelow.

Transition labels The label of a transitiont is of the form (SRt,EV t,Gt,ACt, TD t)
whereSR t andTD t aregeneratedisingthe source(sandtamget(s)of 7, while EV t, G t
andAC t of t areinheritedfrom 7:

— Soucerestriction If the setof stateghatcorrespondo the source(spf 7 is thesame
asthe sourceof t, thenSR t mustbe empty otherwiseit is the correspondinget of
sources.

— Targetrestriction TD t is thenormalizedsetof stateghatcorrespondso thetarget(s)
of 7. Normalizingmeanscomputingthe maximalsetof orthogonalbasicstatesthat
are substate®f the statesenteredby 7 explicitly or by default. In thisway, TD t
explicitly containsall the stateswhich have to be enteredvhenthe transitionis fired,
while someof thesestatesarenotexplicitly pointedby 7. Thefollowing is a sketchof
anormalizatiomalgorithmwhich visits the stateseachedy (segmentsof ) 7, starting
from its maintamet:

x If abasicstateis reachedhenit is addedto TD t andtherecursionstops.

x If acompositestateis reachedtits boundarythenthealgorithmis appliedrecur
sively to its initial substateor to theinitial substatef eachof its regions.
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* |f anon—concurrentompositestateis reachedandits boundaryis crossedhen
thealgorithmis appliedrecursvely to its directsubstatevherethetransitioncon-
tinues.

x |f a concurrentcompositestateis reachedand its boundaryis crossedhenthe
algorithmis appliedrecursvely to (i) thedirectsubstatesf thoseregionswhere
thetransitioncontinuesand(ii) theinitial substatesf the otherregions.

— Trigger events In UML statechartssachtransitioncanhave at mostonetriggerevent,
sincejoin, fork, andbranchsegmentscannothave atrigger. Accordingly EV t is equal
to thetriggereventof .

— Guards Eachtransitionmay have asingleguard;accordinglyG t is exactly theguard
of 7.

— Actions.AC t is exactly the sequencef actionsof 7.
e Refinementfunction. p is determinedy thesulvertex relationshipof compositestates|f
acompositestates is non-concurrenandit is not aregion thenits directsubstateorm the
statesf Ag, a sub—automatoof s, where{As} = (p s). If acompositestates is concurrent

then eachof its regions forms a sub—automatowf s, in sucha way that this automaton
containghedirectsubstatesf theregion.

e Setof events E is definedasthe union of two (not necessarilydistinct) sets: the set of
eventsusedin the statecharastriggersof thetransitionsandthe setof eventsgeneratedby
actions.In opensystemsthe setof eventsgeneratedby the environmentis alsoincluded.

1.4.6 Referencemetamodel

Beforebeingableto specifythe SC-EHAmodeltransformatiorby meansf graphtransformation
rules, the referencestructurebetweenthe two modelsalso hasto be definedby a correspond-
ing MOF metamodel.In the currentpaper we have chosena simple metamodefor references,
however, arbitrarily comple typescanbeintroducedfor referencenodesandedges.

RefEvent RefGuard RefAction
) )

ModeIEIemen? src [RefSC2EHA| targ [ hElement
-

RefTrans |__from RefState M
to

Figurel.14: Thereferencemetamodebf the SC-EHAtransformation

sub -

e In generalareferencenoderelatesa SCnodeto an EHA nodeby edgessr ¢ andt r g, as
indicatedby theabstracsuperclasfef SC2EHA of thereferencanetamodel.

e A referencenodeis introducedfor eachtarget class(exceptfor hSt at eSet ) by inheriting
all the propertiedrom theabstractlassRef SC2EHA.
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e Furtherreferenceedgeqsuchasf r omorr ef i ned) correspondo EHA associations

Although the transformatiorrulesthemseleswill expressfurther connectionconstraintson
specifictypesof referencenodes(like e.g. a Ref St at e will alwaysrelatea ConpSt at e ora
Si npl eSt at e sourcenodeto ahSt at e targetnode) theseconstraintsarenot expressedn the
structureof thereferencanetamodel.

Now we have a metamodefor the source thetamget andthe referencemodel. The graphsin
modeltransformatiorrules(e.g. LHS or RHS)will beconstructedy usingonly thosenodesand
edgeghatareallowedaccordingto thesemetamodelsln otherwords,therule graphshemseles
have to bewell-formedreferencegraphs.

1.5 Formal Specificationof the SC-EHA Transformation

In the currentsectionthe SC-EHA transformatiorwill be specifiedformally by meansof model
transformatiorrulesandunits constructeciccordingto the previousinformal specification.

Thescenariof the SC-EHAmodeltransformations thefollowing. Thetransformatiorstarts
with projectingSC statesinto EHA hStatesand hAutomaton. Then hStatesare relatedto their
hAutomatonat a secondphase Afterwards,the transitionsof the statechartarehandledby a set
of transformatiorrules(includingthetrivial transformatiorof Actions, EventsandGuards) also
introducingseveralauxiliary rulesfor preprocessinghe SCmodel.?.

Due to the lack of spacethe rulesfor creatingsourcerestrictionsand target determinators
areomittedfrom the currentpaper However, all the necessaryelations(leastcommonancestar
main sourceandtarget) will be defined,thusthe specificationof theserulesmay sene asgraph
programmingexercisedor theinterestingreader

1.5.1 Transforming States

Transforming simple states At first (rule si npl eSt at eRin Figure1.15),eachsourcenode
S1 of typeSi npl e St at e is transformednto acorrespondingn St at e nodeby addingatarget
nodeT1, areferencenodeof type Ref St at e andtheconnectingsr ¢ andt r g referenceedges.

<SimpState> <SimpState> <RefState> <hState>

() == (g r)g~m)
I src trg

name=N name=N name=N

Figurel.15:Thesi npl eSt at eRrule

Transforming compositestates Compositestatesof a UML statechartare also transformed
into EHA hStateqFigure 1.16). Accordingto Sectionl.4.5,statesrepresentinghe regionsof a
concurrenstatearenot projectednto the statesof the EHA automatonThis factis expressedy
a neggative applicationcondition prohibiting the presenceof a parentconcurrentcompositestate
S2 for thecurrentLHS match.The RHS prescribesadditionssimilarto si npl eSt at eR.

IPleasaotethatin the currentsection gachtransformatiorrule hasto be executedparallellyasdefaultif notstated
otherwise.
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<CompState> <CompState> <RefState>  <hState>

(59 = (s ro T
— = src trg

name=N name=N name=N

<CompState> <CompState>

@ subvertex @
E1l

isConcurrent="true’

Figurel.16: Theconposi t eSt at eRrule

Marking the initial states In the EHA metamodelithe initial statesof eachautomatonare
markedby settingthei sl ni ti al attribute of the hStateto true. Thereforerulei ni t St at eR
(Figurel.17)shouldmatchall the simpleandcompositeSCstateqS1) thatalreadyhave a corre-
spondingeHA hStateT1 andareconnectedo aninitial pseudcstateS3 by a transitionS2. For
thisreasonthetypeconstrainiof S1 prescribeshatwe expecttheinstanceof aSCSt at e in the
hostgraph.Naturally asSt at e is anabstractlassthuscannothave instancesn thehostgraph,
the St at e patternnodehasto be instantiatecby the instance®of the subclassesf State,i.e. by
Si npl eSt at esandConposi t et St at es.

<State> <RefState> <hState> <State> <RefState> <hState>

E2|source
<PseudoSt>

kind="initial’ kind="initial’

Figurel.17:Thei ni t St at eRrule

Creating automatons EachcompositestateS1 thatcontainsaninitial pseudacstateS2 (which
impliesthatS1 is a non—concurrentompositestate)is mappednto a distinctEHA hAutomaton
T1 by applyingaut ormat onR (Figure 1.18). The compositestateandthe hAutomatonis con-
nectedby areferencenodeR1 of type Ref Aut ormat on andthe correspondingeferencesdges.

Refining states If a(concurrentcompositestateS1 with arelatedhStateT1 contains(seethe
subvert ex edge)anothercompositestateS2 (i.e. aregion) with arelatedhAutomatonT2 then
T2 shouldbeconnectedo T1 by ar ef i ned edge(ruler ef i nenent R1 in Figure1.19).

Alternatively, if thereis a non-concurrentompositestateS1 whichis simultaneouslyelated
to hStateT1 anda hAutomatonT2, T1 shouldalsobe connectedo T2 by a similarr ef i ned
edgewhenapplyingr ef i nement R2 (Figure1.20).

Pleasenotethatthe fact of refinements alsoindicatedby ar ef i ned edgein thereference
metamodeandtherequiremenbf concurreng (or non-concurreng isimplicitly includedby the
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<CompState> <CompState> <RefAut> <hAutomaton>
(s (st )
src trg
name=N name=N name=N

El E1
subverteT> subvertex
<PseldoSt> <Ps€udoSt>

kind='initial’ kind='"initial’

Figurel.18: Theaut ormat onRrule

correspondingeferencenodetypesof the LHSs (i.e. suchconditionswere checled during the
creationof thereferencenodes).

<CompState> <RefState>  <hState> <CompState> <RefState>  <hState>

subvertex

subvertex cs  refined

<CompState> <RefAut> <hAutomaton> <CompState> <RefAut> <hAutomaton>
src trg src trg

Figurel.19:Ther ef i nenment R1 rule

<RefState> <hState>

o
trg

Figurel.20: Ther ef i nenent R2 rule

Connectingstatesto their automaton Up to now, every hAutomatonis empty i.e. its hStates
arenotconnectedetby aut St at e edges.Thus(accordingto aut St at eR of Figurel1.21),for
eachcompositestatenodeS2 refinedto a hAutomatonT2 thathasa substateS1 (eitherasimple
or acompositestate)refinedto a hStateT1, this hStateT1 mustbe linked to its hAutomatonT1
by anaut St at e edge.

Example 1.5.1 After having appliedthe previous rulesin the given orderto the statecharbof
Figure1.10,thetarget EHA modelshouldlook like the oneof Figure1.22. The interestingparts
of thecurrentphasearethefollowing.

e ThestatechartegionsS4 andS5 do nothave correspondindnStates.
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<State> <RefState> <hState> <State> <RefState> <hState>

—_— El
subvertex 7>

<CompState> <RefAut> <hAutomaton> <CompState> <RefAut> <hAutomaton>
src trg src trg

Figurel.21:Theaut St at eRrule

subvertex ¢

e Ontheotherhand,S1 doesnothave a correspondindpAutomaton.

@ initial state A0 T !
@ other state

******

———= transition

,,,,,,,,,,,,,,,,,,,,,,,

rrrrrrrr > refinement
,,,,,,,,,,,,,,, oo N ..
A2

: \: |
i ()] (=)
I [ |

Figurel.22: ThetagetEHA modelaftertransformingSC states

1.5.2 Transforming Transitions

The next seriesof ruleshandlesstatechartransitionsby lifting interlevel transitionsto the hAu-
tomatonrelatedto the transitions lowestcommonancestoistate. Actions, eventsandguardsare
alsotransformedn this phase.

Creating EHA transitions EHA hTransitionsarecreatedandlinked to their sourceandtamet
hStatedn differentphasesAs for their creation(rulet r ansi t i onRin Figure1.23),eachreal
statechartransitionS1 (i.e. thatdoesnot leadfrom aninitial pseudcstateS2) is mappednto a
hTransitionnodeT1 relatedto eachotherby areferencenodeR1 of typeRef Tr ans.

Creating actions, events and guards As the rule for creatingandlinking actions,eventsand
guardss identical(in its structure) only oneof them(creatingandlinking hActions)is discussed
in details.Rulesfor the otherscanbe obtainedby alteringthe typesof nodesandedgesaccording
to themetamodels.

Accordingto ruleact i onR (Figurel.24),for eachactionS1 in thestatecharta correspond-
ing hAction T1 is createdor theEHA model(naturally in additionto areferencenodeR1 of type
Ref Acti on).
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<Transition> <Transition> <RefTrans> <hTransition>
() = (o R
— = src trg
name=N name=N name=N

¥

<Transition> <PseudoSt>

(51) souee %52
source

Figurel.23:Thetransi ti onRrule

<Action> <Action> <RefAction> <hAction>

() == (s~ (R
— = src trg

name=N name=N name=N

Figurel.24:Theact i onRrule

Linking actionsto transitions For eachstatechartransitionS1 (derived into an EHA hTran-
sition T1) with anactionS2 (with a correspondindhAction T2) definingits effect, the hAction
nodeT2 mustbeconnectedo hTransitionT1 by anac edgeby theapplicationof ruleact i on-
Ef f ect R(Figurel.25).

<Transition> <RefTrans> <hTransition> <Transition> <RefTrans> <hTransition>

<Action> <RefAction> <hAction> <Action> <RefAction> <hAction>
src trg src trg

Figurel.25:Theact i onEf f ect Rrule

Connectingtransitions to their automaton The previously createchTransitionsarelinked to
their hAutomatonby applyingthe connect Aut R rule (Figure 1.26). Startingfrom a transition
S1, its lowestcommonancestostateS2 shouldbereachedsia anl ca edge.After accessinghe
correspondindnTransitionT1 andhAutomatonT2 in the EHA modelby referencesT1 should
belinkedto T2 by aaut Tr ans edge.

The interestedeademay have noticedthatthereis no| ca edgein the metamodebf stat-
echarts. The reasonis thatthe | ca edgeis just an abstraction(i.e. a derived relationbetween
statechartransitionsandstates)thusnotincludedin theoriginal statechartLaterin this section,
theseedgeswill be generatedy a correspondinguxiliary transformatiorrule usedfor prepro-
cessinghe sourcemodelbeforethe modeltransformation.

Linking transitions to states The hTransitionsare connectedo their main sourceandtarget
hStatesby rule connect Sour ceR (Figure1.27)andconnect Tar get R (Figure 1.28). For
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<Transition> <RefTrans> <hTransition> <Transition> <RefTrans> <hTransition>

src g src g
<State> <RefAut> <hAutomaton> <State> <RefAut> <hAutomaton>

Figurel.26: Theconnect Aut Rrule

thisreasonadditionalderived edgeqmai nSr ¢ andmai nTr g) have beenintroducedn orderto
avoid rulesof large complity. For eachtransitionS1 (with arelatedhTransitionT1) its main
source(tamget) stateS2 (with a correspondindnStateT2) hasto beaccessetly theauxiliary edge
of typemai nSr ¢ (mai nTr g). After that, T2 is linkedto T1 by af r om(t 0) edgemarkingthe
sourcehStateof T1 in theEHA automaton.

<Transition> <RefTrans> <hTransition> <Transition> <RefTrans> <hTransition>

Sr

C tr
<State> <RefState> 9

src tr
<hState> <State> <RefState> g <hState>

Figurel.27:Theconnect Sour ceRrule

<Transition> <RefTrans> <hTransition> <Transition> <RefTrans> <hTransition>

trg trg

SIrc Src
<State> <RefState> <hState> <State> <RefState> <hState>

Figurel.28:Theconnect Tar get Rrule

At the currentpoint, the transformatiorhasbeencompletedandthe taget EHA modelshould
look like theone(Figurel.12)thatwasexpected.

1.5.3 Auxiliary rules

In the previoussection,severalauxiliary edgeql ca, mai nSr ¢ andmai nTr g) wereintroduced
in orderto keepthesizeof rulesmanageableThe currentsectionis responsibldor preprocessing
the UML statecharmodel,i.e. generatingsuchedgeshy correspondingransformatiorrulesand

units.

Lowest common ancestor main source and target...  All theserelationsare derived by the
applicationof thel caR rule (depictedn Figure1.29). However, for expressingheserelations,a
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furtherderivededgeanc is requiredleadingfrom eachstatenodeto all its ancestorsPleasenote
thatthis ancestorelationbetweerstatedncludeanedgelinking a stateto itself, i.e. every stateis
anancestonf itself.

Whenderving thel ca edgethosestatess4 andS5 have to befoundfirst for eachtransition
S1 with a sourcestateS2 andtargetstateS3 which areancestoref S2 andS3, respectiely, but
not matchednto identicalnodesin the hostgraph(S4 is not equalto S5). Moreover, S4 andS5
aredirectsubstatesf a non-concurrentompositestateS6.

After suchconditions,S6 is the lowestcommonancestoiof transitionS1 asit is a common
ancestor(notethe subvert ex andanc edges)andthe isomorphicmatchcondition(i.e. S4
must not sharethe samenodewith S5 in the host graph)guaranteeshat S6 is the lowest of
suchcommonancestors.In addition,S4 andS5 arethe main sourceandtamet statesof S1 by
definition.

An assertiorfor this rule is the semanticconstraintthat transitionsare not allowed between
differentregionsof the sameconcurrenttate.

<State> <Transition> <State> <Stata> <Transition> <State>

<State> <CompState> <State> <State> <CompState> <State>

Figurel.29:Thel caRrule

Therule alsohandleghe casewhenthe mainsource(and/ormaintarget states)of a transition
areequalto its source(taget) statessince,dueto the definition of the ancestorelation(a stateis
ancestoof itself), nodesS2 andS4 (S3 andS5) may sharethe samenodesin the hostgraph.

The ancestorrelation (global) For demonstratinghe power of programmingwith transforma-
tion units,theancestorelationwill bederivedin two differentway. Thefirst solutioncaptureghe

problemglobally, i.e. the statehierarchyis traversedin anarbitraryorder The secondsolutionis

ratherlocal in the sensehatit traverseghe statehierarchyin atop—davn way by passinghe next

nodeto beprocessedsanattribute to arecursve transformatiorunit.

Thefirst solution(ancest or TUL in Figurel.30)startswith creatingananc edgein parallel
with eachsubvert ex edge(ancChi | dR). Afterwards,the transitve closureof the ancestor
relationis calculatedby applyingancCl osur eR aslong as possible(the negative condition
ensureshateachanc edgeis generatedt mostonce).

Pleasenote that the using herethe forall semanticds insuficient asforall appliesthe rule
parallelly for each(current) occurrenceof the LHS. While, in this case,edgesgeneratechy a
previousapplicationof theancC osur e rule shouldalsohave participatein the next application
of therule, which is a completelydifferentflow of control.

Finally, aseachstateis anancestopf itself, ananc edgeis addedo eachstateS1 by applying
ancSel f R parallellyfor all matches.

The ancestorrelation (Local) The othersolution (ancest or TU2 in Figure 1.31) attaches
parameterto severaltransformatiorrulesandunits(inputnodespassedsparameterto LHS and
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ancestorTU1:
rules: ancChi | dR, ancC osureR, ancSel fR

<State> <State> <State> <State>

anCCh"dR @ @ ancClosureR

El 7
E4
subvertex El 7 El anc
subvertexs
<State> <State> :

"""""""""""""""""" 3 <State> <State> <State> <State>
<State> <State>

ancSelfR % <State>\/ <State>
e (s (sd)
anc : anc

control: foral | (ancChil dR), ancd osureR!, forall (ancSel fR)

Figure1.30: Deriving theancestorelation(ancest or TUL)

outputnodesreturnedfrom the RHS aredepictedgrey).

Thetransformatiorunit is composedf therule ancFi r st Randcallsa furthertransforma-
tion unit anc TU. The statehierarchyis traversedstartingfrom the top stateof the statemachine.
This top stateis selectedby applyingancFi r st atmostonce,which alsoaddsthe self ancestor
edgeassideeffect. After that, transformatiorunit anc TU is calledwith the top stateTop asits
input attribute. The necessityof theforall semanticwill be explainedtogethemwith ancTU.

ancestorTU2:

rules: ancFi rst R( Top: out)
<State> <State>

ancFirstR @
E
\/ anc
E1l ( >
subvertex

<State> <State>
uses:ancTU( Top: i n)
control: try(ancFirst R(Top: out)), forall (ancTU(Top:in)),

Figurel.31:Locally deriving the ancestorelation(ancestorTU2)

Thetransformatiorunitin Figurel.32demonstratesow recursiorcanbeexpressedy calling
units. Accordingto its controlcondition,it callsfirsttheancNext Rrulewith theinputparameter
Cur r , which is a non—deterministi@pplicationof therule for selectingonedirect substatéNew
of the currentstate.But sinceanc TU is appliedaccordingto the forall semanticgseethe control
conditionof ancest or TU2), all thepossiblematchesf ancNext Rwill beexecutedparallelly
In otherwords,the controlflow forks to asmary branchesasmary timestheancNext R canbe
applied.

For eachsuccessfullymatchof nodeNew (of ancNext R), the parallelapplicationof anc-
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Cd osur e2 generateananc edgefrom all theancestoref theCur r state.Finally, thetransfor
mationunit anc TU is appliedrecursvely with the substatedNew. If the call of ancNext Ris not

succeeded.e. asimplestatehasbeenreachedn the statemachine}herecursionterminates.

ancTU(Curr:in):
rules: ancNext R(Curr:in, New out), ancC osureR2(Curr:in, New in)

<State> <State>
@ ancClosureR2 @
E1 — > E

Loan an
E2
<Stata> <Stata> :
; subverte
@' ancNextR @ . <State> <State> <State> <State>
o o 3K
subvertex subvrtexanc \/

l: <State> <State>

@2
<Stata> <Stata> 3 anc

control: (ancNext R(Curr:in, Next:out),
forall (ancC osureR2(Curr:in, Next:out)),
ancTU(New)) ; skip

Figure1.32: Recursionn transformatiorunits (ancTU)

As a result, the statehierarchyof the statemachinés traversedin a top—davn way, whena
stateatlevel i hasbeenreachedall its ancestorgon level ; — k) have alreadybeenprocessed.

1.5.4 Control flow of the transformation

In orderto obtaina completespecificatiorof the transformationthe control flow will be defined

formally in the sequeby meansof transformatiorunits.
TheentireSC-EHAtransformatior(Figure 1.33)is carriedout by threetransformatiorunits:
auxi liaryTU,statesTUandt r ansi ti onsTU, appliedin this specificorder

sc2ehaTU:
uses: auxiliaryTU, statesTU, transitionsTU
control: auxi liaryTU, statesTU, transitionsTU

Figurel1.33: The SC-EHAmodeltransformation

auxiliaryTU:
rules: | caR
uses: ancestorTU
control: ancestorTU, forall (I caR)

Figurel.34: Thetransformatiorunitauxi | i aryTU
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statesTU:

rules: sinpleStateR, conpositeStateR
initStateR, automatonR
refi nenent RL, refinenmentR2,
aut St at eR

control: foral | (si npl eStateR), forall (conpositeStateR),
forall(initStateR), forall (automatonR),
forall (refinementRl), forall (refinenentR2),
foral |l (aut St at eR)

Figurel.35: Thetransformatiorunit st at esTU

transitionsTU:
rules;: transitionR actionR
actionEffect R, connect Aut R,
connect Sour ceR, connect TargetR
control: foral |l (transitionR), forall (actionR),
forall (actionEff ectR), forall (connect AutR),
forall (connect SourceR), forall (connect TargetR)

Figure1.36: Thetransformatiorunit transitionsTU

e Theunit auxi | i aryTU (Figure 1.34) is responsiblefor generatingall the anc, | ca,
nmai nSr c andnai nTr g edges.

e Theunitst at esTU (Figure1.35)— asdiscussegreviously —, appliesthefollowing rules
parallellyin the definiteorder: si npl eSt at eR, conposi t eSt at eR,i nit St at eR,
aut omat onR,r ef i nement RL, r ef i nenent R2 andaut St at eR.

e Finally, transformatiorunitt r ansi t i onTU (Figurel.36)is responsibldor creatingtran-
sitions and connectingthemto their automatonsourceand tamget states,etc. Moreover,
actionseventsandguardsarealsohandledby them.

1.6 Automatic Program Generation for Model Transformation

Our benchmarkransformatiormay have demonstratethatthe creationof modeltransformation
rules, in otherwords, programmingby graphtransformationmeansgetting acquaintedwith a
novel, very high level programmingparadigm.The currentsectionis concernedvith decreasing
thelevel of abstractiorby automaticallygeneratinga Prologimplementatiorfrom the high level
specificationof modeltransformatiorrulesandunits. In this respecttime andworkloadcanbe
relatedto the designof transformatiorrulesandnot to their implementationthus,the quality of
transformationsvill highly beincreasedFor the currentchapterthereaders basicknowledgeof
Prologis required.
Our automatigprogramgeneratiorapproactconsistof two major parts.

¢ As thespecificatiorof modeltransformatioris expressedtavery high level, transforma-
tion specificparts of the automaticallygenerategrrogrammustbridgea hugeabstraction
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gap. Bridging sucha gapis alwaysat a high risk for generatingerroneousode, morewer,
the generateccode might implementsimilar structuresmore than oncethus introducing
undesirededundang to the system.

e To increasehe abstractiorof programs(anddecreasén turn their redundang), the basic
commoncontrol structur esarerequiredto beidentifiedandcollectedinto a separatenod-
ule. In this respectthe automaticallygenerategbrogramis just a skeleton,which callsthe
pre-madecommonroutinesby properparameters.Thus, only a ratherhigh-level codeis
neededo begeneratedyhile the singleinstructionsareperformedoy thecommonmodule.

Let usexaminethe propertiesof transformatiorrulesandcontrolstructuregrom sucha point
of view whethertransformatiorspecificor commonstructuresshouldbe dominatingin an auto-
matedimplementation.

e For generatinghe Prologcodefor amodeltransformatiorrule, the transformatiorspecific
partswill bedominating asthesequence whichtheobjectsof theLHS haveto bematched
(which is the mostcrucial stepregardingefficiengy) is highly dependenon the rule itself.
Moreover, onecannottell in advancewhich modificationsareprescribedy therule.

¢ In contrastto rules,major control flow structuresareincludedin the commonmodule,as
theunderlyingalgorithmicskeletonsaresimilar. In thisrespectcommonPrologpredicates
will beequippedvith rulesandtransformatiorunitsasparameters.

Thefollowing sectionsarethusconcernedvith (i) anovervien of the Prologdatastructures
usedin transformations(ii) the automaticprogramgeneratiorfor rulesusingthe previous struc-
tures;(iii) themodulefor implementingthe algorithmicskeletonsof controlconditions.

1.6.1 BasicRule Structuresin Prolog

The graph model Model transformationsnanipulateon referencegraphs,which graphsare
constructedn correspondenceith their MOF metamodelsNow, modelgraphsaretransformed
into aPrologtermrepresentatioandstoredasdynamicclausesn aninternalfactdatabaseyhich
canbearbitrarily modifiedat run-time.

ThecorrespondendeetweergraphnodesandPrologtermsarecharacterizethy thefollowing
rules.

e Fromamodelgraphnodeof typet ype with anidentifieri d, thepredicatet ype(i d) is
generatedt ype andi d areconsideredo be Prologatoms)

e Fromamodelgraphedgeof typet ype with itsowni d, sourcesr ¢ andtamgett r g iden-
tifiers, thepredicate ype(i d, src, tr g) is generated.

¢ Fromamodelgraphattribute (attachedo the nodeidentifiedby ni d) with anamenarne,
andhaving valueval ue, thepredicatename( owni d, ni d, val ue) is generatedwhere
owni d is auniqueidentifierfor the attribute (generatecutomatically).

Eachmodel(eithersource target or reference)s storedin a distinct Prologmodule. In this
way, they caneasilybeaccessedyet, they arekeptseparatedrom eachother Having considered
Prologmodulesatermof amodelcanbeaccessetly prefixingthetermwith theidentifier of the
model.

Example 1.6.1 For instancewe areableto accessi npl eSt at e( s1) of modelsc (storedin
amodulewith identicalname)by sc: si npl eSt at e( s1) .
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Matching graph patterns Graphpatternmatchingis implementedby usingthe powerful uni-
fication mechanisnof Prolog. In rule graphs,the identifiersof nodesand edgesare normally
variables,which variablesget instantiatedduring the patternmatchingprocess.If a variableis
instantiatedjt senesasa preconditionfor all the termsto be accessedater, which containthis
specificvariable.

Example 1.6.2 LetusconsideitheLHS of ruleaut onat onR (Figurel.18)prescribinghepres-
enceof a compositestatecontaininganinitial pseudostate. In the Prologrepresentatiorsucha
query would look like the following (all the identifierswith capitalinitials are variables,thus
instantiatedvhenapplyingtherule).

sc: conpositeState(Sl), % sel ecting a conposite state
sc: subvertex(El, S1, S2), % sel ecting a substate S2 of Sl
sc: pseudoSt at e( S2), %testing the type of S2

sc:kind(Al1,S2,’initial’), %accessing its attribute

All thetermsarematchinga correspondingnodeor edgetype,while the Prologvariablesand
graphobjectidentifiersare similarly denoted. Although, sucha representatioof LHS queries
might be sufiicient at first sight, unfortunately they raiseseveral problemsconcerningefficiency
andthe handlingof abstrachodes.

¢ Whentheunificationof a Prologtermmaymultiply succeedachoicepointis generatedand
all thematchingtermscanbe enumeratetyy backtrackingHowever, whenthe executionof
thepreviousprogramskeletonarrivesatto unify pseudoSt at e, its variableS2 is already
instantiatedthus (asgraphobjectidentifiersare consideredo be unique)this call cannot
succeedmore thanonce. As a result, an unnecessarghoice point is generatedwhich
decreasetheefficieng of the programwhenbacktrackings required.

e Similarly, thematchof attribute termscannever succeednorethanonce.

e Graphpatternsin the LHS of a rule may containabstractnodes,i.e. nodeswith a corre-
spondingabstractnetamodetlass.A puresyntacticatransformatiorfrom LHS patterndo
Prologtermswould be unableto handlesuchmatches.

To avoid the previous problems,all the termsin Prolog programs(just in programsnot in
themodelmodules)areembeddedisa parameteinto anothempredicatewhich is responsibldor
properlyhandlingnodesandedges.

Example 1.6.3 The needednodifications(i.e. the indicationof nodes,edgesandattributes)for
theaut onmat onR examplearethefollowing:

node(sc: conposi teState(Sl)), % choi ce poi nt generated
edge(sc: subvert ex(E1, S1, S2)), % choi ce point gener at ed
nodel(sc: pseudoState(S2)), % no choi ce point generated

attr(sc:kind(Al,S2,’initial’)), %no choice point generated

Pleasenote the different predicategnode and nodel) for accessinghodes,from which
nodel allows atmostonesuccessfuimatchby applyingthe cut symbolafter successfullycalling
for the pseudcstateS2. Naturally asimilar distinctioncanbeusedfor edgesout it is unnecessary
for attributes(attributesarealwayscut afterbeingmatched).Thenode (andnodel) predicatdas
alsoresponsibldor accessinghe “instances’of abstractlasses.
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Modifying the models As all thegraphobjectsarestoredasPrologterms,in principle,we need
notdistinguishbetweere.g.theadditionof a nodeor anedge.However, to improve the legibility

(andconsisteny) of the automaticallygeneratecdode,additionalpredicatesvereintroducedfor

additionsanddeletions.

Example 1.6.4 Continuingour aut ormat onR example,the additionsprescribedy the RHS of
the rule take the following form. The first nodeclause(eha: hAut omat on( T1) ) is addedto
the eha model, while the secondnode(r ef : r ef Aut ( R1) ) andtwo edgesare addedto the
referencemodel. The predicateadd (a commoncodepredicate)s responsibldor generatinga
uniqueidentifierfor objectsbeforebeingaddedo the database,

add( node(eha: hAutomaton(T1))), % adding a node to the EHA nodel
add(node(ref:refAut (R1))), % addi ng a node to the Ref nopdel
add(edge(ref:src(Cl,R1, S1))), % addi ng an edge to the ref nodel
add(edge(ref:trg(C2,R1,T1))). % addi ng anot her edge to the ref nodel

Negative application condition Negative applicationconditions prohibit the presenceof a
matchingpattern,thus all the possibleextensionsof the LHS needto be investigated. If the
negative patternis foundthentheruleitself shouldfail, otherwisejf thereis no occurrencéor the
negative pattern the applicationof the rule shouldcontinuewith additionsanddeletions.

Example 1.6.5 Consideringnow conposi t eSt at eR rule asan examplefor negative condi-
tions, the correspondindPrologcodeshouldresembleo the following (- > is a cut-like operator
usedbasicallyin if-then-elsestructure®f Prolog). Theentireclausefailsif andonly if all thefour
callssucceed.

( nodel(sc:conpositeState(Sl)), % pattern matching for Neg
edge(sc: subvert ex(E1, S2, S1)),
nodel(sc: conpositeState(S2)),
attr(sc:isConcurrent (A2,S2, true')) ->
fail %fail if succeeded

true % conti nue ot herw se

Pleasenotethatneggative objectsthatcanbe mappedo anodeor anedgein the LHS (e.g.the
compositestateS1) neednot beincludedin the negative conditionfor amoreefficientimplemen-
tation (they canbehandledas“parameters’for the negative part).

1.6.2 Program Generationfor Rules

At thecurrentpoint, hopefully thereadehasalreadyhadaninsighton how thegenerategrogram
of rulesshouldlook like. However, the procesgknow-how) of automaticcodegeneratiorhasnot
beendiscussed.

Sucha programgeneratorecevesa high-level descriptionof modeltransformatiorrulesas
the input, andit shouldgeneratethe correspondind?rolog programfrom this specificationthat
implementghetransformation.

Afteradeepelinsight,onemightnoticethatthis problemcanberegardedasa modeltransfor
mation,havingthe descriptionof graphtransformatiorrules asthe source modelandthe Prolog
codeasthetargetmodel.
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To avoid the abstractiorgap (low-level codefrom high-level specification) moreoer, to ob-
tain a languagendependentransformation(allowing the useof further programminganguages
insteadof Prologin the future), the programgeneratiomprocesdor transformatiorruleswasdi-
videdinto four sub-transformation@&summarizedn Figure1.37).

UML description Prolog program
/ model trans.  graph travers;f\
GraTra description Prolog code tree

w\del trans. model tran

Term represent.

Figurel.37: Programgeneratiorfor transformatiorrules

1. As we statedin the introduction,modeltransformationsare specifiedin a UML notation
(keepingthe syntaxbut overloadingits semantics)However, this UML specifications not
discussedn the currentpaperin details.

2. Fromthe UML specificationof transformatiorrules, a syntacticalmodel transformation
generateghe rules using the termsand the metamodelof graphtransformation(GraTra
metamodel).This GraTra description(with nodes edgesattributesetc.) is equivalentwith
thetransformatiorrulesusedpreviously.

3. Fromthis GraTra representationa semantidransformatiorgenerates logics model con-
taining sequencesf terms. This phasealso containsan optimizationprocessconcerning
theorderingof LHS querytermsfor improving the efficiency of transformations.

4. Asthestructureof well-formedPrologprogramsds typically controlledby BNF expressions
(or moregenerallyspeakingby someChomsk grammars)it doesnot directly fit into our
modeltransformatiorapproach.But consideringthat during the parsingof programcode,
a parsetreeis generatedwe have a graphmodelat handfor ary programminglanguage.
Thus, the third modeltransformationderives a simple tree structurefor the Prolog code,
containingonly terminalandnon-terminalgraphnodes.Terminalnodesare enrichedwith
theattachedext attributesusedfor storingthe piecesof code.

5. Finally, thecodegeneratiorprocessimplytraverseghis codetreeandprintsthetext values
storedat eachterminalnodethatis reached.This graphtraversalalgorithmis general the
samealgorithmcanbe usedfor differentprogrammindanguages.

In the following, the programgenerationprocessfor model transformationrules will be
demonstratednthe codegeneratiorfor asmallsamplerule (si npl eSt at eRof Figure1.15).

The metamodel of graph transformation Although, model transformationrules are based
upon the paradigmof graphtransformation,it doesnot prevent us from regardingit as an or-

dinarymodel(lik e statechartsr automatons)hus,its metamode(Figurel1.38)canbecreatedby

strictly following its definitions(Def. 1.3.11).
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lhs
Graph Ihs2rhs

Attribute

name: String
value: Strin

varlD: String
type: String
model:String

)

Figure1.38: Themetamodebf graphtransformation

The metamodelwhich is a simplified versionof the upcomingstandard25]) statesthat
a graphtransformationrule is composedof a | hs and an r hs graph, and a mapping
| hs2r hs betweerpbjectsin theLHS andRHS.

A Gr aph iscomposeaf abstracG aphEl enment s, whichareeitherinstance®faNode
oranEdge. They possesseveralattributes,suchasvar | Dfor storingtheidentifier, t ype
for thetype of theobjectandnodel for identifying the modelthe objectbelongsto.

Theinstance®f theclassAt t r i but e canbeattachedo Gr aphE!l enent s, whichclass
in turn containstwo MOF attributesnane andval ue (pleasenotethatthe notion of at-
tributeis overloaded).

A MapEl em which is embeddednto a Mappi ng containsa referencego anLHS object
nmapsFr om andareferencdo anRHS object. An additionalsemantiaconstraintis needed
to besetup atthe currentpoint prescribinghata mapelemenimustnot connectLHS nodes
to RHSedgesandvice versa.

Example 1.6.6 The modelgraphof thetransformatiorrule si npl eSt at eRis depictedin Fig-
ure1.39.Attributesaredepictedthis time in boxescontainingtheidentifier of their ownernodein
thetop-leftcorner while edgesof typecont ent s have dashedines. Theinterestedeademay
checkthatthis modelgraphobviously conformsto its metamodel.

Pleasenotethat this graphbasedrepresentationloesnot explicitly containary information

onthe optimal patternmatchingof the LHS, thussuchanorderinginformationneedgo beadded
laterduringthefore-comingmodeltransformation.

The term representationof rules  Thissecondnodeltransformatior{thefirst oneis considered
to bethe UML-GraTratransformatiorwhich is not discussedn the paper)generatesitermrep-
resentatiorfor graphnodesandedges Moreover, a nearlyoptimal orderingof the querytermsof
the LHS (nearlyoptimalfrom the point of view of graphpatternmatching)is alsoprovided.

¢ The metamodelof terms(seeFigure 1.40) is composedof C auses on the top of the

hierarchy
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<Graph> <Rule> <Graph>.~ <Edge> ~ <Edge>
lhs rhs -

| name="automatonR’
contents

<N <Maypping>
attributes| apsFrom mapContents mapsTo

<Attripute> <Attripute> <Attripute>

al a2 a3 nl n2
name’name’| |name’name’| |name’name’| |varlD:’S1l’ varlD: 'S1’
value: N value: N value: N type: 'simpState’| |type: 'simpState’

model: 'sc’ model: 'sc’

n3 n4 el e2
varlD: 'R1’ varlD: 'TY’ varlD: 'E1’ varlD: 'E2’
type: 'refState’ type: 'hState’ type: 'src’ type: 'trg’
model: ref’ model: 'eha’ model: ref’ model: 'ref

Figure1.39: Themodelgraphof graphtransformation

e Theclauseis constitutedirom list of facts(Fact Ls), onefor specifyingthe termsof the
LHS query onefor the prescribedadditionsof termsandonefor deletions(in a morede-
tailedmetamodelafourth Fact Ls would containtermsfor the negative condition).

e A Fact Ls obijectis built upfrom Fact s (anabstractlass)whichis eitheraNodeFact ,
an EdgeFact oranAttrFact. Thefactsare standalonén the sensethate.g. links

betweenmodesendedges(seef r omandt o relationsin the GraTra metamodelare now
encodednto attributesf r om Dandt ol D.

e However, nev connectionshave beenintroducedfor representinghe sequencen which

thesefactsareto begeneratedh the code.Thefirst andthe successotermsin thesequence
areidentifiedby f i r st andnext edges.

Example 1.6.7 The modelgraphof the term representatiof our runningexample(the imple-
mentationof rule si npl eSt at eR) is depictedin Figure 1.41 (attributesare denotedoy boxes
similarly to the GraTracase).

The objectsof the LHS (noden1 andattribute al) aredirectly transformednto terms,while
atermrepresentatioigontainsonly thosepartsof the RHS graph,which cannotbe mappedo a
LHS object(suchnodesaren2, n3, el, e2 in theexample).In this way, thetermrepresentation
is morecompactwhencomparedvith the correspondingsraTra description.

Theorderingof termsis the mostsemantigartof thetransformatiorasgraphg(servingasthe
input) arestructureswvhile thelist of terms(the output)is asequence.

e Thesequencef querytermscommencewith the checkof objectsobtainedasrule param-
eters sincetheimagesof suchnodesandedgesarefixedin the hostgraph.

e If arule (suchassi npl eSt at eR) containsno parametersan arbitrary node can be
matded first However, further optimizationis possiblehereto selectfirst that classof
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query

FactlLs Clause
remove name: String
add ‘

AttrFact

value:String
N

NodeFact

varlD: Atom
name: String
model:Atom

factType: Str

<
- J
EdgeFact

fromID:At
\_toID: Atom )

Figurel.40: Themetamodebf terms

nodeswhich hasthe leastnumberof instancesn orderto obtaina searchtree having the
leastnumberof branchedgrom theroot.

o After nodehasbeenmatchedall of its attributesare collectedandcheded

e Afterwards,the LHS graphis traversedby matding an edge leadingfrom (or to) a previ-
ouslymatdhednode(checkingin turnits type), which stepselectshe target (source)node
aswell. Thenwe merelyched whetherthe type of the currently identifiedtamget (source)
nodein the hostgraph correspondso its LHS graphspecification. Pleasenote that type
checkingagainsta metamodels alessexpensie operationthanmatchinggraphobjectsof
theLHS.

¢ Finally, the LHS graphtraversalalgorithmcontinueswith un-traversededges.If the LHS
graphis composeaf morethanonecomponentshenthealgorithmis requiredto beapplied
for eachcomponent.

The RHS objectsare ordereddifferently in orderto maintainthe invariant propertythat the
applicationof arule alwaysresultin awell-formedgraph(without danglingedges).

¢ Thedeletionof edgesshouldalwayspreceedheremorval of nodes.Wheneeranodefactis
requiredto be deleted all the edgesconnectedo that specificnodeandattributesattached
have to be implicitly deletedat the sametime. Thus, the remove operationis partially
implementedn thecommoncodemodule.

¢ In contrastto deletions,the orderof addinggraphobijectsis just the opposite. A correct
ordershouldstartwith the additionof nodesfollowed by the constructiorof attributes,and
finally, the creationof edges.Keepingthe specificorderensureghattheresultis alwaysa
graph.

Generating a parsetree Fromatermrepresentationf graphs,the generatiorof Prologfacts
doesnot requirethe bridging of a hugeabstractiorgap,especiallyin sucha case whenthe order
of predicatedasalreadybeendetermined Eachsyntacticelementof Prologis to betransformed
into terminalgraphnodes(controlledby the grammarof Prolog).
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<Clause> dd <Facth/>/’ <EdgeFact> e dgeFact>
a

<FactLs>

| name="automatonR’
contents
!

<NodeFact> <AttrFact> <NodeFact> <NodeFact> <AttrFact>
[al] [al] [ni] [ n2]
varlD: 'Al’ varlD: 'A2' varlD: 'ST' varlD: 'RL’
type: 'name’ type: 'name’ type: 'simpState’| | type: 'refState’
model: ’sc’ model: ’eha’ model: ’sc’ model: 'ref
factType: "attr’ factType: "attr’ factType: 'node’ | [factType: 'node’
objID: ST’ objID: 'T1’
value: 'N’ value: "N’ [ el] [ e2]

varlD: 'E1’ varlD: 'E2’

[ n3] type: 'src’ type: 'trg’
varlD: 'T1’ model: 'ref’ model: 'ref’
type: 'hState’ factType: 'edge’ factType: 'edge’
model: 'eha’ fromID: 'R1’ fromID: 'R1’
factType: 'node’ tolD: 'S1’ tolD: 'T1’

Figurel.41: Themodelgraphof terms

However, in orderto keepour programgeneratiorapproachianguageindependentnot the
final metamode(in Figurel.42)is themetamodebf Chomsk grammarsandnotthe metamodel
of Prolog.

Terminal
text: String

Figurel.42: The metamodebf parsetrees(grammars)

Theadwantageof suchagenerabkolutionoriginatesn thefactthatonly asinglegraphtraversal
algorithmis requiredfor the final codegeneratiorstepfor any programminganguagewhile the
well-formednessf theparsetreecanbeverifiedagainstraditionalcontext—freegrammarsThus,
for this final step,the grammarof the programminganguages alsoneeded A highly simplified
grammarof Prologis printedbelow.

Program ::= C ause Program | d ause
d ause = Pred ':-' Terns '.’'| Pred.
Pred = atom’' (' Arg ')’ | atom
Arg = Pred | wvar | atom
Terns = Pred ',’ Terns | Pred
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<NogTerm>
— next
d}
---» sub
,,,,, » first <Terminal>

—
- =TT~

_ <NogTerm>

<Terminal><Terminal><Terminal><Terminal><Terminal><Terminal><Terminal=xTerminal><Terminal>

Figurel1.43: A partof the Prologcodegraph

Example 1.6.8 Thetermrepresentationf ourrule si npl eSt at eRis transformednto a parse
tree. Figure 1.43 shavs a meaningfulpart of this tree containingsubgraphfor the codebeing
generatedor the addition of the EHA hStateT1. (This time the valuesof t ext attribute of
terminalnodesandthe namesof nonterminalsare printedinsidethe graphnodeinsteadof node

identifiers.)
The top (depicted)level of the parsetree consistsof the Pr ed nonterminalsseparatedy

commasas terminals. One level belav, the additionis specifiedby the predicateadd. This
predicatecontainsanotherpredicateasattribute, which describeghefact (eha: hSt at e( T1) )

to beaddedto the database.
Theinterestedeademay checkthatthis treeis a well-formed (partof a) Prologprogramby

parsingthis treeagainsthe grammarandthe metamodel.

The generated Prolog code The parsetree is traversedby the following simple algorithm
(whichvisitsthetreein atop-dawvn, left-to-right order)in orderto generatehefinal textual repre-

sentatiorof rules(i.e. the Prologcode).

1. Startfrom theroot non-terminalof thetree.

2. If aterminalnodeis reachedhenprint thevalueof itst ext attribute.

3. If anon-terminahodeis reachedhen

(a) visit thenodeidentifiedby thef i r st edge(i.e. applythealgorithmrecursvely from
(2))

(b) while anext edgeleadsfrom the currentnodeapplythe algorithmrecursvely from
(2) to thenext node

Example 1.6.9 Thealgorithmyieldsthefollowing codewhenappliedto the completeparsetree
generatedby the previous modeltransformatiorstep.
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si npl eSt at eR: -

% LHS

node(sc: sinpl eState(S1)),
attr(sc: name(Al, S1,N)),

% RHS

add(node(ref:refState(R1))),

add(node(eha: hState(T1))),

add(attr(eha: name(A2, T1,N))),
add(edge(ref:src(ELl, RL, S1))),
add(edge(ref:trg(E2, R1,T1))).

45

As a summary the programgeneratiorprocessof modeltransformatiorrules was also de-
signedby modeltransformationgeceving a descriptionof graphtransformationsasinput and
yielding the correspondindPrologcodeasoutput.In thefollowing, theimplementatiorof control
conditionswill bediscussedbriefly.

1.6.3 CommonProgram Skeletons

Control structuresn transformatiorunits aresuchpartsof the programthat have similar under
lying skeletons.In the following, control conditions(summarizedn Table1.3) areimplemented

oneby one.

Control condition Prologcode
skip true
try(Rule) try(Rule): -
call (Rule), !.
forall(Rule) forall (Rule):-
call (Rule), fail.
forall (Rule).
rulel, rule2 rul el,
rul e2
rulel; rule2 (rulel
; rul e2

if c then rulel else rule2

)
i f _then_el se(C, Rul el, Rul e2)|:

try(Q,
call (Rul el).

i f _then_el se(C, Rul el, Rul e2)|:

call (Rul e2).

rulel!

| oop(Rul e): -
try(Rul e),
| oop(Rul e).
| oop(Rul e).

rulel | rule2

effectscanbe simulatedby

fork(Rul el, Rul e2): -
forall (Rulel; Rule2).

Table1.3: Implementingcontrol conditions
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e Theskip operations encodednto the alwayssucceeding r ue clause.

e Theat most once semanticsecessitateshoicepoints generatedy the successfubppli-
cationof theruleto becut (thecal | predicateof Prologis a so—calledneta-predicatéor
beingableto call Prologclausegpassedisattributes)

e Theforall semanticenumerateall the possiblematchedy causingartificial backtracking
(usingthe alwaysunsuccessfuiail clause).As the forall applicationof arule is successful
even if the rule cannotbe appliedat all, a secondf or al | (Rul e) clauseis neededo
guarante¢hatproperty This controlconditionalwaysterminates.

¢ Thesequencef two (or more)rulesis implementedy the PrologAND operatorlcomma).
No additionalcodeis requiredfor thecommoncodemodule.

¢ For the non-deterministic choice of two (or more)rules, the Prolog OR operator(semi-
colon)is usedwithoutadditionalcommoncode.

e Theif-then-elsestructureriesto applytheconditionC, andif succeeded;allsRul el, and
otherwiseRul e2.

e The clausefor the aslong as possiblesemanticof a rule triesto apply the rule firts, and
callsitself recursvely, if therule wereableto be applied. The terminationof this control
conditioncannotalwaysbe guaranteedasit dependsn the successfubpplicationof the
rule.

e The fork structureis not implementedyet (as parallelismis not supportedin all Pro-
log systems)however, its effects canbe simulatedby combiningthe forall andthe non-
deterministicchoice operators,as forall forcesthe execution of both non-deterministic
branchedy backtracking.

For demonstratinghow control instructionscan be constructedrom the previous piecesof
code, the encodingcontrol conditionsof ancest or TU2 (the secondsolutionfor creatingthe
ancestorelation)arelisted below.

Example 1.6.10 In accordancewith our expectations, the following piece of code calls
ancFi r st R at mostonce,thenappliesancTU for all possible*branches”definedby the non-
deterministiocchoiceoperator

ancestor TU: -
try(ancFirstR(Top)),
forall (ancTU(Top)).

ancTU(Curr): -
( ancNext R(Curr, New),
forall (ancC osureR2(Curr, New)),
anc TU( New)
; true

) -

This pieceof codeclearly demonstratethatthe encodingof control conditions(unlike trans-
formationrules)is ratherstraightforvard, after having introducedthe commonpartsof the pro-
gramin Table1.3. Theinterestedeademight alsohave noticedthatthe directionof parameters
(inputor output)is of noimportancen Prolog,asthe unificationmechanisnis bi—directional.



1.7. CONCLUSION 47

1.7 Conclusion

In the currentpaper a visual specificatiormethodwaspresentedor generallydescribingandau-
tomaticallyimplementingmathematicamodeltransformationsn orderto integrateUML—based
systemmodelsandmathematicainodelsof formal verificationtools. Dueto thelarge compleity
of IT systemsmodeltransformationsare supportecby an integratedernvironment,which hasa
precisetheoreticalbackgroundon the basisof graphtransformatiorbut simultaneoushyfollows
the mainstandardef softwareengineeringsuchasUML, MOF metamodelaind XMl).

Both systemandmathematicaimodelswere specifiedby meansof MOF metamodelswhich
provide a semi-formal,visual descriptionon the structureof models,while semantiaestrictions
(which werenot discussedn the currentpaper)aretypically expressedy the ObjectConstraint
LanguaggOCL).

The manipulationof modelsis specifiedoy powerful paradigmof graphtransformation.For
this reason MOF modelsaretransformedirst into a directed,typedandattributed graphrepre-
sentatiorwhich combineghe sourceandtargetmodelsinto acommonreferencegraphservingas
theinputandoutputfor transformationsModel transformatiorrulesthemselesarespecialform
of graphtransformatiorrules. Rulescanbe groupedinto transformatiorunits, which provide a
structuringmechanismandcontrol conditionsfor transformatiorsystemswith alarge numberof
rules.

Thestrengthof ourmodeltransformatiorapproaciwasdemonstratedn anindustrialstrength
example,which generatesn extendedhierarchicalautomatonfor providing an operationalse-
manticsfor UML statechartsOur framework in the currentpaperprovidesa formal, high-level
specificatiorof this modeltransformatiorfollowing the semi-formalguidelinespresentedirst in
[16].

Finally, the issuesof automaticmodelgenerationvere addressedby deriving a Prolog pro-
gram from visual graphtransformatiorrules. This automaticprogramgenerationprocesswas
alsodesignedria several modeltransformationswhich integrategraphgrammarsandtraditional
Chomsly grammars.

Despitethe factthat our modeltransformatiorapproacthasprovedto be successfufor ser-
eral applications further future researctis neededespeciallyconcerningthe semanticdssuesof
transformations. Although graphtransformatiorprovidesa precisemeansfor specifyingmodel
transformation®f variousdomainsbut only guaranteeghatthe resultof the transformatioris a
well-formedgraph(correctnes®f a singlerule application.

Syntacticcorrectnes®f transformationgi.e. theresultof thetransformatioris a well-formed
sentencef thetargetlanguageyerechecledby planneralgorithms[29]. After beingableto pre-
cisely describemetamodelgsubstitutingMOF metamodelsith a precisemetamodellingech-
nigue), our attentionwill turn towards semanticcorrectnessof transformationsby prescribing
specialcriteriathathasto befulfilled by bothsourceandtargetmodels.
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